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ABSTRACT: Traditional cell-based systems used to express integral membrane receptors have yet to produce
protein samples of sufficient quality for structural study. Herein we report an in vivo method that harnesses
the photoreceptor system of the retina to heterologously express G protein-coupled receptors in a
biochemically homogeneous and pharmacologically functional conformation. As an example we show
that the adenosine A1 receptor, when placed under the influence of the mouse opsin promoter and rhodopsin
rod outer segment targeting sequence, localized to the photoreceptor cells of transgenic retina. The resulting
receptor protein was uniformly glycosylated and pharmacologically well behaved. By comparison, we
demonstrated in a control experiment that opsin, when expressed in the liver, had a complex pattern of
glycosylation. Upon solubilization, the retinal adenosine A1 receptor retained binding characteristics similar
to its starting material. This expression method may prove generally useful for generating high-quality G
protein-coupled receptors for structural studies.

The vital role that G protein-coupled receptors (GPCRs)1

play as gate keepers in cellular signaling and the broad
spectrum of pathophysiologies in which they are implicated
make this protein superfamily a prominent focus of modern
drug discovery (1-3). To date, the integral membrane nature
of these proteins has precluded drug discovery campaigns
based on their structures. Recently, however, the 3-D
structures of the prototypical GPCR rhodopsin (4) and meta
II-like rhodopsin (5) were reported [see progress in recent
reviews (6, 7)]. These breakthroughs were facilitated in part
by rhodopsin’s highly enriched and homogeneous expression

in the photoreceptors of the retina from which the protein
was purified (8).

Key elements of the photoreceptor expression system
responsible for this success include a biosynthesis and
transport pathway that has optimally evolved to deliver large
amounts of rhodopsin to the retina’s rod outer segment (ROS)
organelle (4, 9, 10). The ROS organelle itself is a highly
differentiated and specialized structure, consisting of an
organized stack of folded and contiguous membrane layers
that present a concentrated matrix of functional rhodopsin
molecules to the light-sensing layer of the retina (4, 10). The
ability of the photoreceptor system to support the biosynthesis
and storage of such a highly concentrated depot of rhodopsin
molecules has prompted us to explore its utility for the
heterologous expression of GPCRs in general. Other efforts
along these lines have been reported usingDrosophilaand
Xenopussystems (11-13). Whereas genetic manipulation
of both of these species is relatively simple, the resulting
expression of gene products can be variable and unstable.
Moreover, the small size of fly and tadpole eyes and the
potentially eccentric characteristics of posttranslational pro-
cessing in these nonmammalian organisms could undermine
their usefulness for generating drug target proteins suitable
for structural studies. For these reasons we were interested
in developing a more stable and scalable mammalian system
and elected to explore the design of an in vivo murine system
for these purposes.

Here we report the engineering and characterization of
transgenic mice that heterologously express fully functional
adenosine subtype A1 receptor protein (AA1R) in their
retinas. We describe the localization of these receptors in
the retina’s substrata, their biochemical homogeneity, and
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pharmacological activity as evidence for their successful
functional expression.

EXPERIMENTAL PROCEDURES

Preparation of the AA1R Construct. The transgenic mouse
expression plasmid for AA1R was constructed as follows:
a pXOP-C1(-) vector originally constructed to target retinal
expression inXenopus laeVis (13) was cut byNotI/XhoI to
remove theXenopusopsin promoter sequence and replaced
with a 5 kbmouse opsin promoter (14-16). DNA fragments
encoding an 11 amino acid long tag (MASMTGGQQMG)
corresponding to the N-terminal region of the major capsid
protein from the T7 bacteriophage (T7) and a 15 amino acid
long tag (SATASKTETSQVAPA) containing the ROS
targeting sequence found in the C-terminal region of mouse
opsin (RHO15) were then inserted to produce the parental
mouse expression vector pNova-T1 (17, 18). The full-length
coding sequence for AA1R was generated by RT-PCR using
pfu polymerase (Stratagene, La Jolla, CA). Amplimers
designed from the Genebank accession file of human AA1R
(X68485) included a perfect Kozak site prior to the start
codon. The blunt-ended amplified product was inserted into
thePmeI site of pNova-T1 to generate the recombinant vector
pNova-T1-AA1R-T7-RHO15, which was then used to gener-
ate transgenic mouse lines.

Generation of Transgenic Mice. The recombinant expres-
sion construct was linearized and gel-purified prior to
microinjection into 18-h-old FVB/NTac or C57BL/6NTac
embryos (Taconic, Germantown, NY) which were then
implanted into pseudopregnant females to produce founder
stock (19). These animals were screened for the presence of
the transgene by assaying genomic DNA prepared from tail
tissue by use of a NucleoSpin tissue HC binding plate
(Macherey-Nagel, Duren, Germany) on a Muti-Probe II Plus
robot (Perkin-Elmer, Wellesey, MA). Initial genotyping was
conducted by PCR with primers selective for SV40 sequences
(2150-54, 5′-GATGAGTTTGGACAAACCACA-3′, and 2150-
55, 5′-CCGGATCATAATCAGCCATAC-3′), which should
selectively incorporate only into transgene positive animals
(20). The presence of specific exogenous receptor genes was
subsequently confirmed by employing primers directed to
AA1R (AA1R-f: 5′-GCCACCATGCCGCCCTC-3′) and
Rho15tag (Mops-A1: 5′-TTAGGCTGGAGCCACCTGGC-
3′). Genotype positive male founders were then bred with
6-week-old wild-type C57BL/6 females (Jackson Laboratory,
Bar Harbor, ME) to produce F1 lines.

Generation of Cell Culture Controls. HEK293T cells
(ATCC, Manassas, VA) were grown under 5% CO2 in
Dulbecco’s modified Eagle’s medium containing 5% fetal
calf serum and 0.38 g/LL-glutamine. Sequences encoding
the 11 amino acid long T7 and 15 amino acid long RHO15

tags were inserted into the multicloning site of pcDNA4TO
(Invitrogen, Carlsbad, CA) to create the vector pcDNA4TO/
T7-RHO15. In an arrangement analogous to the mouse
transgenic expression vector, the full-length AA1R cDNA
was then subcloned into this vector upstream of the T7-
RHO15 tag, and the sequence was verified. The resulting
pcDNA4/AA1R-T7-RHO15 vector was used to transiently
transfect HEK293T cells using Lipofectamine 2000 reagent
(Invitrogen). Cells were collected 48 h after transfection for
subsequent study.

Immunoblotting and Quantification. Mouse retinas were
homogenized by polytron (30 s on ice) in 10 mM HEPES,
pH 7.4, containing protease inhibitor cocktail (Sigma Aldrich,
St. Louis, MO). The crude retinal membrane pellet was
recovered by centrifugation (25000g for 30 min, 4°C) and
solubilized in 40 mM n-dodecyl â-D-maltoside (DM).
Insoluble material was removed by centrifugation (25000g
for 30 min) and the cleared supernatant recovered. HEK293T
cells were collected by scraping 48 h posttransfection. After
being washed once with phosphate-buffered saline, pH 7.4
(PBS), they were homogenized as above, and a crude
membrane pellet was collected by centrifugation (40000g
for 30 min, 4°C) (21). Samples were subjected to SDS-
PAGE and transferred to nitrocellulose by electroblotting.
The nitrocellulose transfer was blocked with 5% nonfat dry
milk in 0.05% Tween 20 and Tris-buffered saline, pH 7.4
(TBST), and incubated with mouse anti-T7 antibody (EMD
Bioscience, San Diego, CA) diluted 1:2000 in TBST at 4
°C overnight. After washing, nitrocellulose membranes were
incubated for 1 h with HRP-conjugated anti-mouse IgG
(Pierce Biotechnology, Rockford, IL), diluted 1:5000, and
then washed and incubated with SuperSignal extended
duration chemiluminescent substrate (Pierce Biotechnology,
Rockford, IL) for 5 min. Signals were detected with a UVP
CCD camera and quantified by densitometric scan (Lab-
Works image acquisition and analysis software). Total
amounts of heterologous AA1R protein present in transgenic
retinas were estimated by a semiquantitative immunoblotting
protocol which employed a standard curve of AA1R protein
purified from HEK293T cells stably transfected with the
AA1R-T7-RHO15 construct. AA1R was purified from cells
by immunoaffinity chromatography with an anti-1D4 mAb
directed to the 9 amino acid long region of opsin contained
within the RHO15 tag (18). Postchromatography material was
deglycosylated by incubation with 5 units ofN-glycosidase
F (PNGase F; Calbiochem, San Diego, CA) for 1 h atroom
temperature. The amount of receptor protein present was
estimated after SDS-PAGE and silver staining by densito-
metric comparison to a bovine serum albumin reference
curve.

Histology. Retinas were dissected immediately from
sacrificed mice, fixed in freshly prepared 4% paraformal-
dehyde in PBS for 2-3 h at 4°C, washed in 5%, 10%, 15%,
and 20% SPB (sucrose phosphate buffer, pH 7.5), equili-
brated in 20% SPB/OCT (OCT compound; Miles Labora-
tories, Elkhart, IN) (2:1) at 4°C overnight, and finally
embedded in 20% SPB/OCT (2:1) on dry ice. Embedded
retinas were cryosectioned and counterstained with hemo-
toxylin and eosin (HE) to reveal retinal structures by light
microscopy (22).

Immunocytochemistry. Cryosections of mouse retina were
postfixed in cold acetone-methanol (1:1), rinsed in PBS,
and blocked with 10% goat serum/PBS. Either B6-30N mAb
diluted at 1:400 (23) or T7 mAb diluted at 1:200 was used
as the primary antibody. Cy3-conjugated goat anti-mouse
IgG diluted at 1:200 was used as the secondary antibody.
Nuclei were counterstained with 1µg/mL Hoechst 33342.
Signals were visualized by fluorescence microscopy at
excitation/emission wavelengths (nm) of 550/570 for Cy3
and 350/461 for Hoechst 33342. For hepatic immunocy-
tochemistry, liver tissue was fixed in 4% paraformaldehyde
for 18 h, incubated in increasing concentrations of sucrose
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(5-20%) in PBS, and then embedded in 50% SPB/OCT
diluted with 20% sucrose in PBS. Sections were cut at 10
µm and incubated with 1.5% normal goat serum in PBST
(PBS with 0.1% Triton X-100) for 15 min at room temper-
ature. The sections were then incubated overnight at 4°C
with purified mouse anti-1D4 mAb, rinsed in PBST, and
incubated with Cy3-conjugated goat anti-mouse IgG or goat
anti-rabbit IgG for detection of opsin immunofluorescence.
Sections were visualized with a Leica DM6000 B micro-
scope.

Pharmacology. Samples were prepared for pharmacology
studies as follows: Cultured cells were washed once with
PBS, harvested by scraping into lysis buffer (25 mM HEPES,
pH 7.4, 1 mM EDTA, protease inhibitor cocktail), homog-
enized with a polytron (30 s on ice), and centrifuged (25000g
for 30 min, 4 °C). Resulting crude membrane pellets
were resuspended in binding buffer (25 mM HEPES, pH
7.4, 1 mM EGTA, 2 mM MgCl2). Retinas from 28-30-day-
old mice were harvested by dissection, suspended directly
in binding buffer, and homogenized by polytron (30 s on
ice), and the total homogenates were used to minimize loss
of receptors. Radioligand binding assays of either crude cell
membranes or total retinal homogenates were performed in
96-well plates in a final volume of 200µL per well. Binding
mixtures were incubated at room temperature with shaking
for 60 min, and free radioligand was removed by filtration
over Whatman GF/C filter plates using a Brandel cell
harvester. After addition of scintillation cocktail, receptor-
bound radioactivity was measured using a TopCount scintil-
lation counter. Saturation binding curves were generated for
AA1R using [3H]DPCPX, with nonspecific binding measured
in the presence of 10µM N6-cyclopentyladenosine. For
competitive displacement studies, varying concentrations of
test ligands were preincubated with receptor material in
binding buffer for 30 min prior to addition of radioligand,
which was then allowed to incubate for an additional 60 min.
Bmax andKd values were calculated by a nonlinear regression
curve fit via the GraphPad Prism program. IC50 values were
determined by a nonlinear regression curve fit and trans-
formed to Ki using the Chang-Prussoff correction. All
experiments were performed in triplicate.

Immobilization of AA1R-T7-RHO15 Fusion Protein to
Affinity Resin. Total receptor protein was prepared by
homogenizing 40 whole eyes harvested from AA1R-T7-
RHO15 expressing mice in binding buffer containing protease
inhibitors and 10 units/mL DNase (Sigma Aldrich). Mem-
branes were recovered by centrifugation (100000g, 30 min,
4 °C), washed with binding buffer, and solubilized in
0.8 mL binding buffer containing 10 mM DM, protease
inhibitor cocktail, and 10 units/mL DNase with rocking at
4 °C for 30 min. Insoluble material was removed by
centrifugation (100000g, 30 min, 4 °C). The resulting
supernatants containing detergent-solubilized AA1R-T7-
RHO15 fusion protein were captured by rocking incubation
with 100 µL of 1D4 mAb-Sepharose gel suspension for
60 min at 4°C. Batch incubations were washed six times
with 1 mL of wash buffer (1 mM CHAPS, 25 mM HEPES,
pH 7.4). Radioligand binding assays with AA1R-T7-RHO15

bound to Sepharose gel were performed as described above.
A similar procedure was used to prepare and test AA1R-
T7-RHO15 expressed in HEK293T cells as controls.

Generation of Opsin LiVer Expressing Transgenic Mice.
A hepatocyte transthyretin (TTR) minigene construct (a gift
from Dr. Robert H. Costa from the University of Illinois)
was used to ensure proper targeting and exclusive expression
of opsin in the liver (24). Mouse opsin cDNA was amplified
with primers 5′-GCAGATAGGCCTATGAACGGCACA-
GAGGGCC-3′ and 5′-GCAGATAGGCCTTTAGGCTG-
GAGCCACCTGG-3′, blunt ended, and ligated into a unique
StuI site located in the second exon of the TTR minigene
vector. The construct was sequenced, and a 5.5 kbHindIII
fragment containing the 3 kb TTR promoter driving opsin
cDNA expression was separated from the vector by agarose
electrophoresis, purified, and used to generate transgenic
mice as described above. Identification of mice carrying the
transgene was performed as described above using primers
complementary to the opsin cDNA sequence (5′-ATGAACG-
GCACAGAGGGCC-3′ and 5′-TTAGGCTGGAGCCAC-
CTGG-3′).

Purification of Isorhodopsin. Transgenic mice were gav-
aged twice (16 and 3 h before sacrifice) with 2 mg of 9-cis-
retinal suspended in 100µL of sunflower seed oil and
dispatched, and their livers were homogenized in PBS
containing 20 mM DM. The solubilized homogenate was
cleared by centrifugation (125000g at 4°C for 1 h) and used
to purify isorhodopsin by 1D4 immunoaffinity chromatog-
raphy as described previously (25, 26).

Deglycosylation and Immunoblotting of Opsin. Approxi-
mately 0.5µg of purified isorhodopsin purified from liver
was incubated with 500 units of peptide:N-glycosidase F or
Endo H for 3 h atroom temperature according to the supplier
(New England BioLabs).

Gt ActiVation. Assays were performed on purified rhodop-
sin as described elsewhere (26).

RESULTS

Genetic Engineering of Transgenic Mice. The AA1R
transgene construct consisted of five fragments: (1) a
previously characterized mouse opsin promoter containing
a 5 kb sequence upstream of the start codon, (2) a full-length
AA1R coding sequence, (3) a sequence coding for the initial
11 amino acids of the T7 gene 10 protein which is the epitope
for the T7 antibody, followed by (4) a sequence encoding
the 15 residue long C-terminal region from mouse opsin
containing the ROS-targeting signal and epitope for the anti-
1D4 mAb and, finally, (5) an SV40 derived polyadenylation
site (27) (Figure 1A).

Two strains of mice, FVB/N and C57BL/6, were employed
to generate the transgenic lines. Upon genotyping, a total of
28 transgene positive male founders were recovered for
AA1R. These positive male founders were then bred with
C57BL/6J wild-type females to generate F1 animals for
further analyses.

Protein Expression. Retinas harvested from transgene
positive F1 animals and wild-type littermates were tested
for the presence of the AA1R-T7-RHO15 fusion protein by
immunoblot analysis with anti-T7 mAb. Animals were
ranked on the basis of the intensity of the anti-T7 signal,
which was taken as an indicator of total receptor protein
content. By this criterion, F1 offspring from the AA1R
transgenic founder F73 showed the highest expression level
of total receptor protein. A representative blot of this sample
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(Figure 1B) indicates that T7 immunoreactivity was present
only in samples prepared from transgenic retina, and the
electrophorectic mobility corresponded to a predicted mo-
lecular weight of the fusion protein. The electrophoretic
mobility of the retinal-expressed protein also appears to be
less diffuse than that of an analogous construct convention-
ally expressed in HEK293T cells, suggesting that a more
consistent degree of glycosylation is afforded by the retinal
rod cells. This is further supported by treatment with
glycosidase, which increased the mobility without affecting
the sharpness of the band (Figure 1C). The total amount of
transgene receptor protein present in the retina was estimated
by a semiquantitative immunoblotting protocol. By this
method it was determined that approximately 90 ng of total
AA1R protein was present in each retina of F73 offspring
(see Figure 1D,E).

To test whether or not glycosylation of opsin is uniform
in mouse organs other than rod cells, we examined its
biochemical characteristics when heterologously expressed
in the liver. Upon examination, it was found that opsin
successfully reached the plasma membrane with apparently
little or no protein held up in the Golgi or ER (Figure 2A).

Opsin can be regenerated in vivo by oral administration of
9-cis-retinal to form isorhodopsin. Immunoaffinity purifica-
tion yielded approximately 100µg of isorhodopsin from
1 g of liver. The UV-vis spectrum of the purified isor-
hodopsin (withAmax at 494 nm) revealed a characteristic blue
shift as compared to rhodopsin (28) (Figure 2C). The higher
ratio of 280 nm (protein absorbance peak) to 500 nm
(chromophore) suggests the presence of a copurifying
nonprotein liver-specific contaminant that bound either to
the resin or to opsin itself, because the silver-stained SDS-
PAGE gel showed no other contaminating proteins (Figure
2C, insert). This material was not present in mouse eyes as
the ratio was<1.8 (data not shown). The purified protein
can be completely bleached with light, leading to chro-
mophore release as indicated by a shift ofAmax to 360 nm.
Purified isorhodopsin activated GtR in the direct intrinsic
fluorescence assay with an initial activation rate [k0 )
1.5 e-3 (s-1)] comparable to rates calculated under similar
conditions for native bovine rhodopsin (29) (Figure 2D).
These results indicate that opsin expressed in the liver is
correctly folded and fully functional. By SDS-PAGE
analysis, what appears to be a monomeric form of opsin

FIGURE 1: Immunoblotting of AA1R-T7-RHO15 transgenic mouse retina (F1 offspring from founder F73) and total AA1R-T7-RHO15
protein estimated by immunoblotting. (A) AA1R-T7-RHO15 transgene construct. Retinal expression of the heterologous AA1R fused to T7
and RHO15 tags flanked by an SV40 polyadenylation site is driven by a 5 kbmouse opsin promoter sequence positioned upstream of the
GPCR start codon. Approximate locations of genotyping primers are indicated by arrows. (B) DM (n-dodecylâ-D-maltoside) extracts of
total membrane protein from HEK293T cells transiently transfected with AA1R (lane 1) and retinas from transgenic mice (lane 3,>95%
monomeric protein) and their wild-type littermates (lane 2). The blot was probed with T7 antibody. (C) DM extracts of transgenic retina
before (lane 2) and after (lane 1) incubation with PNGase F and probed with T7 antibody. The equivalent of∼7% of a mouse retina was
loaded onto each lane. (D) DM (lanes 1 and 2) or SDS (lane 3) extracts of retinas from transgenic mice were loaded with different amounts
(lanes 4-10) of deglycosylated AA1R-T7-RHO15 protein purified from a stable HEK293T cell line. The blot was probed with T7 antibody.
The equivalent of∼3.5% of a mouse retina was loaded in lanes 1-3. Protein profiles of DM extracts of transgenic retina are shown before
(lane 1) and after (lane 2) incubation with PNGase F. (E) A standard curve generated from lanes 4-10 was analyzed with UVP BioImaging
Systems and Prism software and used to estimate the amount of protein present in retinal extracts.
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migrated as a broad band (40-75 kDa) caused by hetero-
geneous N-linked glycosylation as demonstrated by treatment
with Endo H or peptide:N-glycosidase F (Figure 2B). By
comparison to the ROS-derived receptor protein, these data
suggest that the photoreceptors may be unique in their ability
to produce GPCRs with a highly homogeneous pattern of
glycosylation.

Retinal Morphology and Receptor Localization. Transgenic
mouse lines with detectable levels of AA1R-T7-RHO15

fusion protein, as shown by immunoblotting, were examined
for retinal morphology by hemotoxylin and eosin staining
(HE). The highest expression of the fusion protein was
observed in 25-30-day-old mice by immunoblotting (data
not shown). We therefore elected to harvest retinas from F1
mice at 28 days, which in wild-type animals is a point at
which retinas are fully developed (7). Upon examination,
retinal sections of AA1R’s F73-derived F1 offspring showed
that the ROS layer was absent and that there were fewer
layers of nuclei in the outer nuclear layer (ONL) as compared
to wild-type retina (Figure 3, panel D vs panel A). Although
the ROS was absent, the AA1R-T7-RHO15 fusion protein
could still be detected in both the outer nuclear layer (ONL)
and inner segment (IS) by immunocytochemistry (Figure 3,
panel F vs panel C).

Pharmacology. Demonstration of predictable receptor-
specific pharmacology can be taken as evidence that the
heterologous receptor protein has been correctly processed
and inserted into retinal membranes in a functional confor-
mation. Accordingly, AA1R radioligand binding assays were
conducted on retinal and cell culture derived samples.
Saturation binding curves generated with the AA1R-specific
antagonist [3H]DPCPX were similar for total homogenates

prepared from AA1R transgenic retina and crude membranes
prepared from AA1R-transfected HEK293T cells (Figure 4)
(30, 31). In both instances the levels of specific binding
appeared to be comparable as did theKd values (AA1R
retina,Kd 6.9 nM; AA1R HEK293T,Kd 1.9 nM).

Scatchard analysis of these binding isotherms indicated
that AA1R binding sites were present at aBmax of 2.1 pmol/
mg of protein in total homogenates prepared from transgenic
retina as compared to 3.2 pmol/mg of protein in membrane
fractions prepared from transfected HEK293T cells. Con-
sidering the total amount of receptor protein present, as
estimated by immunoblotting, theBmax observed for retina
suggests that approximately half of the receptor protein is
available for ligand binding (the equivalent of∼37 ng based
on 2.1 pmol of AA1R binding sites/mg of retina protein, a
molecular mass for AA1R of 40 kDa, and a yield of
∼0.4 mg of total protein per retina). These estimates are
impacted by differences in sample processing and possible
masking of binding sites due to formation of inside-out
membrane vesicles. By comparison, the levels of heterolo-
gous receptor observed in the engineered photoreceptor
expression system are roughly equivalent to what could be
achieved through conventional mammalian cell expression
systems. In our experiments, the amount of AA1R protein
present in one transgenic F73 retina is roughly equal to the
amount of receptor protein generated by 25× 106 transfected
HEK293T cells expressing AA1R at aBmax of 3.2 pmol/mg
of total membrane protein (based on∼0.5 mg of total
membrane protein yield per 25× 106 cells).

Displacement profiles were constructed using compounds
considered to be diagnostic of AA1R pharmacology. The
rank order of potency (CPX> XAC > NECA) and absolute

FIGURE 2: Properties of opsin heterologously expressed in mouse liver. (A) Immunocytochemistry of transgenic mouse liver showing
positive expression of opsin in the left panel. (B) Immunoblotting of SDS-PAGE resolved purified opsin before (lane 4) and after treatment
with Endo H (lane 5) or peptide:N-glycosidase F (line 6). Lane 1, 2, and 3 controls show native bovine rhodopsin before and after treatment
with Endo H or PNGase F, respectively. (C) UV-vis absorbance spectra of isorhodopsin purified from mouse liver before (solid line) and
after (dotted line) bleaching in the presence of 20 mM NH2OH. Absorbance maxima at 494 and 360 nm are characteristic for opsin regenerated
with 9-cis-retinal and retinoid released from the opsin binding site, respectively. The insert shows silver staining of isorhodopsin used for
spectral analysis. (D) Gt activation by purified isorhodopsin was monitored by the increase in fluorescence of the GtR subunit at 345 nm
(black line). The initial rate calculated as a pseudo-first-order reaction [k0 ≈ 1.5 e-3 (s-1)] is comparable to the value obtained for bovine
native rhodopsin (gray line) (29).
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affinities (NECA,Ki 24 µM; XAC, Ki 24-35 nM; CPX,Ki

3.5-6.1 nM) for both retinal and HEK293T samples were
comparable to each other and similar to values reported in
the literature (30, 32).

We also tested whether AA1R retained its basic binding
characteristics after immobilization to a solid support of the
type that might be used for its purification. In addition to
ensuring that we could retain or regenerate a pharmacologi-
cally relevant receptor conformation, this experiment was
important in demonstrating the ability to displace any
copurifying endogenous or exogenously introduced stabiliz-
ing ligand prior to cocrystallization experiments. Because
the linkage of the solubilized GPCR to the immunoaffinity
resin occurrs via the receptors’ cytoplasmic C-terminal
region, we expected that all receptor bound to the resin would
present an unobstructed antagonist binding site. Examination
of the binding isotherm for the immobilized receptor supports
this conclusion and shows that saturation with [3H]DPCPX
was virtually identical for solubilized AA1R purified from
HEK293T cells and retinal rod cells (Figure 5) and had
similar affinity for the radioligand as seen with the membrane-
bound receptor (Figure 4).

The comparable levels of specific saturable ligand binding,
radioligandKds, and similar profiles of rank order reference
compound potencies observed for either membranous or
immobilized receptor prepared from transgenic retina and

HEK293T material together suggest that the conformation
of the AA1R is pharmacologically similar in both systems
and confirm that proper folding and membrane insertion is
occurring in the mouse photoreceptor expression system.

DISCUSSION

Although few in number, the majority of membrane
protein structures deposited in the PDB are derived from
crystals of abundant endogenous proteins purified from their
natural sources. Most membrane proteins of pharmacological
interest, however, exist at low levels in their native tissues,
undermining the usefulness of native tissues as sources of
starting material for purification campaigns. Conversely, it
is unclear why crystallization of membrane proteins that have
been heterologously expressed at high levels and purified
from conventional in vitro cell-based systems has proven to
be so difficult. To reconcile this apparent paradox, we
postulated that there may be some subtle characteristics of
isolated proteins that are crucial to formation of diffracting
crystals. For example, a significant fraction of protein
produced in traditional bacterial, yeast, insect, or mammalian
cell systems is heterologously glycosylated or not glycosy-
lated at all. As such, it is often diverted to inclusion bodies
or the Golgi apparatus where it remains as misfolded
aggregates. Both phenomena can undermine attempts to
crystallize the purified protein.

FIGURE 3: Retinal morphology and immunostaining of a typical retina section from F1 AA1R transgenic mice derived from transgenic
founder F73. Hemotoxylin and eosin staining revealed the retinal morphology of AA1R transgenic mouse (D) and its wild-type littermate
(A). Immunostaining showed the expression of rhodopsin (in green, B, E) and AA1R-T7-RHO15 (in red, C, F) in the retina of AA1R
transgenic mice (E, F) and wild-type controls (B, C). Abbreviations: RPE, retinal pigmented epithelium; OS, outer segments; IS, inner
segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer.
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The persistence of this problem is certainly not for want
of efforts made to solve it. For example, one study which
addressed the issue of heterogeneity of GPCR glycosylation
(33, 34) found that a mutant HEK293 cell lackingN-

acetylglucosaminyltransferase I (GnTI) activity while capable
of producing uniformly glycosylated rhodopsin did not
generate protein crystals that could diffract to a similar
resolution as the material obtained from the native retina.

FIGURE 4: Ligand binding study of AA1R fusion proteins from mouse retina and HEK293T cells. (A, B) Saturation binding of the AA1R
selective antagonist [3H]DPCPX to AA1R-T7-RHO15 from (A) crude retinal homogenate or (B) HEK293T cell membranes. Data represent
an average of two (A) or three (B) separate experiments withn ) 3 replicates for each point. Error bars show standard deviations. Top left
inserts: Bmax andKd values were derived from Scatchard analysis of the saturation curves as shown. Competition of adenosinergic compounds
for [3H]DPCPX binding to AA1R-T7-RHO15 from mouse retina (C) or HEK293T cells (D). Data show results from two (C) or three (D)
independent experiments. Abbreviations: CPX, 8-cyclopentyl-1,3-dipropylxanthine; DPCPX, 1,3-dipropyl-8-cyclopentylxanthine; NECA,
5′-N-ethylcarboxamidoadenosine; XAC, xanthine amine congener, 8-[4-[[[[(2-aminoethyl)amino]carbonyl]methyl]oxy]phenyl]-1,3-dipro-
pylxanthine.

FIGURE 5: Ligand binding study of deteregent-solubilized AA1R fusion protein purified from either transgenic mouse retina or HEK293T
cells using 1D4 antibody-conjugated Sepharose gel. (A) Saturation binding of the AA1R selective antagonist [3H]DPCPX to AA1R-T7-
RHO15 from mouse retina bound to 1D4 antibody-conjugated Sepharose gel. (B) Saturation binding of the AA1R selective antagonist
[3H]DPCPX to AA1R-T7-RHO15 from HEK293T cells bound to 1D4 antibody-conjugated Sepharose gel. Data show the results from three
independent experiments. Abbreviations: DPCPX, 1,3-dipropyl-8-cyclopentylxanthine.
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On a different front, attempts made by the MepNet consor-
tium to apply an industrial scale commitment to the GPCR
crystallography problem documented the successful expres-
sion of more than 100 GPCRs using conventional expression
systems such asEscherichia coli, Pichia pastoris, and
Semliki Forest virus (SFV) vectors but did not report any
successful crystallization trials (35).

Accordingly and in an effort to mimic nature’s highly
efficient expression of opsin, the only successfully crystal-
lized GPCR prototype, we attempted to harness its in vivo
expression apparatus to produce heterologous GPCR targets
at will. Herein we have documented the first steps toward
this goal by engineering transgenic mouse lines that express
heterologous GPCRs in their retina. At the outset of this
work, we considered both knock-in and transgenic ap-
proaches to produce genetically engineered mice that het-
erolgously express high-quality GPCR protein in the retina’s
rod outer segment (ROS) apparatus. Whereas a knock-in
approach should theoretically replace all endogenous rhodop-
sin protein with the heterologous GPCR protein and result
in a homogeneous population of heterologous GPCR protein
in the ROS, we anticipated that the requisite breeding steps
would take a relatively long time to complete. Moreover,
an attempt by another laboratory to express the endothelin
receptor by such a knock-in approach was not successful
(36). Conversely, we felt that a transgenic approach, which
should result in the coexpression of heterologous GPCR
target along with endogenous rhodopsin, should more quickly
yield proof-of-concept results. Isolation of the GPCR target
proper from the background rhodopsin could subsequently
be addressed during ensuing purification trials. Accordingly,
we report our initial observations with the quicker transgenic
route.

In this paper we show that the receptor protein produced
in our transgenic mice is present in a pharmacologically
relevant conformation and appears homogenously glycosy-
lated. Whereas the presence of pharmacological activity is
obviously relevant to biophysical examinations of receptor
function, the importance of glycosylation for enabling such
studies is less well defined. We can, however, infer some-
thing of glycosylation’s importance from observations of the
rhodopsin system. For example, it is known that the nature
and extent of such posttranslational modifications are critical
to the proper folding and function of rhodopsin and that
modification of either of its two N-linked glycosylation sites
results in defective transport to the cell surface. Such
transport defects in turn adversely affect the stability of the
ROS structure and result in impaired retinal function (37,
38). Interestingly, some evidence suggests that a tenuous but
highly specific interaction of such carbohydrate moieties is
critical for lattice formation during crystallization (5, 39).
Thus it seems reasonable that an engineered GPCR expres-
sion system that provides a tightly controlled glycosylation
pattern could be a useful tool in preparing samples for
biophysical study, especially crystallography.

The usefulness of the photoreceptor expression system also
depends on the amount of starting tissue that can be harvested
and the relative level of target protein present therein. In
this regard, the availability of stable and easily scaled-up
breeding populations would seem advantageous. But, the
causes and practical ramifications of the diminished levels
of ROS we observed during these first engineering attempts

must also be considered. For example, it is unclear what, if
any, relationship exists between the developmental integrity
of the retina and the overexpression of a heterologous GPCR.
Similarly, it is unknown what competitive pressure such
heterologous expression may place on the retina’s expression
of native rhodopsin which in itself may be important for
retinal development (40). Experimental observations suggest
that altering the natural level of opsin expression can have
a negative impact on the integrity of the retina. For example,
heterozygous animals that are rhodopsin+/- develop smaller
ROS than wild-type animals (41), whereas homozygous
rhodopsin-/- knockout mice fail to form ROS altogether (40).
Interestingly, retinal degeneration has been shown to ac-
company overexpression of human rhodopsin in mouse retina
(42). Such observations suggest that whereas a naturally
robust expression of rhodopsin is required for retinal
integrity, attempts to exceed this level may inhibit vectorial
transport of rhodopsin from the inner segment to the ROS
and subsequently affect the viability of both the ROS and
the retina at large. From a developmental standpoint it is
unclear if the lack of ROS structures in our engineered strains
is a manifestation of (a) retarded maturation or (b) accelerated
degeneration of the retina. This suggests the possibility that
improved retinal samples might be obtained by harvesting
eye tissues outside the 25-30-day postnatal time point
considered optimum for wild-type animals. Moreover, the
effect of the T7 epitope on retinal integrity should also be
explored.

While the quality of receptor protein appears good, the
absolute amount of receptor protein present in the engineered
retina was less than what our designs to mimic in vivo
rhodopsin levels had promised. The shortfall is likely
contributed to by the observed lack of an intact ROS which
should have served as a repository for the transgenic receptor.
It should be noted, however, that the differential enrichment
of receptor binding sites in the total homogenate (used for
retinas) vs membrane (used for transfected cells) preparations
used in our study leaves open the possibility that the levels
of receptor binding sites actually present in retinal mem-
branes may be much higher than those reported here and
significantly higher than what might be obtained with
conventional cell-based transfection systems. Additional
experiments are needed using equivalent biochemical prepa-
rations from retina tissues and HEK293T cells to more
accurately quantify and compare the amount of active binding
sites and total receptor protein present.

In summary, our results provide a preliminary demonstra-
tion of the feasibility of expressing selected GPCR proteins
in the retinal photoreceptor expression system and suggest
that further exploration of this system is warranted. Opti-
mization of the molecular constructs with regard to promoter
and regulatory element usage (including the use of inducible
systems), the genetic strains of animals used, and the
temporal window of transgenic retinal development could
all favorably impact the integrity of the ROS as a depot for
GPCR proteins. Despite the absence of ROS layers in the
transgenic animals described here, the usefulness of these
lines for structural studies is not necessarily precluded.
Recent advances in microcrystallization methods and brighter
beam sources now available for X-ray diffraction studies
should allow us to take maximal advantage of retinal receptor
protein recoverable from transgenic mouse strains now in
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hand. The results of purification and crystallization trials
using these and new strains will ultimately determine the
usefulness of this approach.
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