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The heterologous expression of membrane proteins such as G protein-coupled receptors
can be a notoriously difficult task. We have engineered an expression vector, p1D4-hrGFP
II, in order to efficiently express visual pigments in mammalian cell culture. This expres-
sion vector is based on pIRES-hrGFP II (Stratagene), with the addition of a C-terminal
1D4 epitope tag for immunoblotting and immunoaffinity purification. This vector employs
the CMV promoter and hrGFP II, a co-translated reporter gene. We measured the effective-
ness of pIRES-hrGFP II in expressing bovine rhodopsin, and showed a 3.9- to 5.7-fold
increase in expression as measured by absorbance spectroscopy as compared with the
pMT vector, a common choice for visual pigment expression. We then expressed zebrafish
RH2-1 using p1D4-hrGFP II in order to assess its utility in expressing cone opsins, known to
be less stable and more difficult to express than bovine rhodopsin. We show a k280/kMAX

value of 3.3, one third of that reported in previous studies, suggesting increased expression
levels and decreased levels of misfolded, non-functional visual pigment. Finally, we mon-
itored HEK293T cell growth following transfection with pIRES-hrGFP II using fluorescence
microscopy to illustrate the benefits of having a co-translated reporter during heterologous
expression studies.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

G protein-coupled receptors (GPCRs) are integral mem-
brane proteins known to be composed of seven alpha heli-
cal transmembrane domains which activate in response to
a wide variety of extracellular stimuli, and couple to het-
erotrimeric GTP-binding proteins (Bockaert and Pin,
1999). These receptors are of significant pharmacologically
relevance, being targets for many drugs of economic
importance (Tyndall and Sandilya, 2005). Visual pigments,
which initiate the critical first step in the biochemical cas-
cade of vision (Dell’Orco et al., 2009), are among the best-
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studied members of the GPCR superfamily due to the fact
that they can be isolated from retinal tissue, or expressed
heterologously in vitro. These methods, along with site-di-
rected mutagenesis approaches, can be used to investigate
visual pigment structure and function (Kono et al., 2005;
Nickle et al., 2006; Takenaka and Yokoyama, 2007), which
in turn can provide insight into diseases of the visual sys-
tem that arise from impaired visual pigment function, such
as retinitis pigmentosa (Senin et al., 2006; McKibbin et al.,
2007).

An issue that arises when attempting to express mem-
brane proteins using heterologous systems is how to gen-
erate sufficient amounts of protein with which to
perform functional analyses. GPCRs are notoriously diffi-
cult to express due to the complex folding, trafficking
and modifying mechanisms associated with the translation
of membrane proteins. This leads to significant amounts of
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protein that is misfolded, stranded in the ER, moved to
unsuitable transport vesicles, or missing post-translational
modifications required for proper function (Sarramegna
et al., 2003). Bovine rhodopsin is still the only vertebrate
visual pigment with a high-resolution crystal structure
(Palczewski et al., 2000; Park et al., 2008; Scheerer et al.,
2008) because large amounts of the native protein can be
obtained from cow retina; other GPCRs with resolved crys-
tal structures include squid rhodopsin (Murakami and
Kouyama, 2008) as well as the b1- and b2-adrenergic recep-
tors (Warne et al., 2008; Rasmussen et al., 2007). Since the
majority of visual pigments and GPCRs in general cannot
be extracted at such high levels in their native state, find-
ing competent expression systems is a top priority for
studies requiring functionally active proteins.

Over the past decade, experiments probing the struc-
ture and function of visual pigments have resorted to het-
erologous expression systems in order to generate visual
pigment samples (Ablonczy et al., 2006; Yokoyama et al.,
2008). Most expression systems involve an expression vec-
tor being transiently tranfected into one of a number of dif-
ferent mammalian cell types, including COS-1 (Matsumoto
et al., 2006), HEK293 (Kuwayama et al., 2005), and
HEK293T (Parry et al., 2004), using lipid-based transfection
reagents. While this method is usually successful, even
large-scale transfections are sometimes unable to produce
serviceable visual pigment samples (Pointer et al., 2007;
Davies et al., 2007).

Heterologous expression systems are not just depen-
dent on cell type, but also on the expression vector used
to transfect the cells. Many early expression studies of vi-
sual pigments employed the pMT expression vector, fea-
turing the adenovirus major late (AML) promoter. This
choice was likely made because various versions of pMT
had successfully expressed large proteins with post-trans-
lational modifications (Bonthron et al., 1986; Kaufman
et al., 1989), suggesting it could handle the expression of
complex membrane proteins. As pMT use became more
frequent for visual pigment studies, newer versions were
engineered containing the 1D4 epitope, which consists of
nine C-terminal residues of bovine rhodopsin (TETSQVAP-
A) recognized by the 1D4 monoclonal antibody (Molday
and MacKenzie, 1983), to streamline immunoaffinity puri-
fication procedures (Franke et al., 1988; Tsutsui et al.,
2007). Other promoters have since been used for visual
pigment expression, such as the combination of the SV40
early promoter with the R segment and part of the U5 se-
quence of the long terminal repeat of human T-cell leuke-
mia virus type 1 (Kayada et al., 1995; Kojima et al., 2008),
and the cytomegalovirus (CMV) promoter (Reeves et al.,
2002). To date, no systematic comparison of promoters
driving expression of visual pigments has been performed.

Other heterologous systems that rely on non-mamma-
lian cells, including Escherichia coli, yeast, and insect cells,
have been used regularly to express other GPCRs (Sarram-
egna et al., 2006), but only sparingly to express visual pig-
ments (Mollaaghababa et al., 1996; Klaassen et al., 1999).
These systems often strive for large-scale production of
GPCRs at the expense of protein function, which can suffer
due to differences in membrane composition and post-
translational mechanisms of the host cells (Stanasila
et al., 1998; Opekarova and Tanner, 2003). Ultimately,
mammalian cells provide the most authentic cell environ-
ment for vertebrate GPCRs and are often the system of
choice when attempting functional characterizations of a
protein of interest, even though the yields produced with
mammalian cells tend to be lower than those of other sys-
tems (Junge et al., 2008). This fact emphasizes the impor-
tance of continuing to improve the efficiency of
mammalian cell-based heterologous expression systems.

In this study, we use the pIRES-hrGFP II expression
vector (Stratagene) to express bovine rhodopsin at higher
levels than the pMT expression vector, while utilizing the
co-translated hrGFP II reporter gene to evaluate transfection
efficiency and protein expression levels. We also engineer
p1D4-hrGFP II, containing the pIRES-hrGFP II backbone
with the 1D4 epitope added as a C-terminal tag, allowing
for in vitro expression of any visual pigment or GPCR of
interest. We then express zebrafish RH2-1 using p1D4-
hrGFP II to demonstrate its ability to efficiently express
cone opsins, notably less stable than rhodopsins (Ramon
et al., 2009). This expression vector provides a more effi-
cient tool for researchers that employ a mammalian cell
culture for expression of visual pigments and, presumably,
other GPCRs.
2. Materials and methods

2.1. Vector construction

The pIRES-hrGFP II expression vector (Stratagene) has a
cytomegalovirus (CMV) promoter and the humanized re-
combinant GFP II (hrGFP II) as a reporter gene, co-trans-
lated alongside the inserted gene due to an internal
ribosome entry site (IRES). This co-translated reporter does
not fuse with the protein of interest, insuring no functional
deviation as a result of reporter expression. hrGFP II is a
version of GFP modified to contain codons preferred in
highly expressed human genes, and has been subjected
to random mutagenesis to create a brighter variant. IRES
allows for transcription initiation in the middle of the pri-
mary mRNA transcript, bypassing the usual 50 cap recogni-
tion requirement (Jang et al., 1990).

We first compared expression levels of pIRES-hrGFP II
to pMT using bovine rhodopsin, the most highly studied
and expressed visual pigment. An EcoRI/NotI double diges-
tion of pIRES-hrGFP II and pMT4 (Franke et al., 1988) was
performed to excise the bovine rhodopsin gene from pMT
and ligate it into pIRES-hrGFP. We also modified pIRES-
hrGFP II to easily accept any visual pigment or GPCR of
interest and express it in frame with a C-terminal 1D4 epi-
tope tag, as many GPCR immunaffinity purification and
immunohistochemistry protocols tend to rely on the 1D4
monoclonal antibody (Tsutsui et al., 2007; Oprian et al.,
1987). This was not necessary for our pIRES-hrGFP II vs.
pMT comparison because the 1D4 epitope is in fact the
C-terminus of bovine rhodopsin. Primers were designed
to amplify a 400 bp fragment of bovine rhodopsin in
pIRES-hrGFP II, containing the last 9 amino acids and stop
codon of bovine rhodopsin (1D4 epitope); an EcoRI site fol-
lowed by a guanine nucleotide was also added to the 50 end



Fig. 1. Physical map of the p1D4-hrGFP II expression vector, derived from
pIRES-hrGFP II. Important features include the CMV promoter, C-terminal
1D4 epitope tag (TETSQVAPA), internal ribosome entry site (IRES) for
transcription initiation in the middle of the primary mRNA transcript, and
hrGFP II reporter gene. Proteins of interest can be ligated into the multiple
cloning site between unique BamHI and EcoRI restrction sites.
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of the forward primer (Table 1). This fragment was cloned
into the pJET1 cloning vector from the GeneJET cloning kit
(Fermentas). An EcoRI/NotI double digestion of the result-
ing pJET1-1D4 cloning vector produced a 45 bp fragment
(EcoRI-G-1D4-Stop Codon-NotI). This fragment was cloned
into the multiple cloning site of pIRES-hrGFP II to create
p1D4-hrGFP II (Fig. 1).

The zebrafish cone opsin RH2-1 was selected as a test
for p1D4-hrGFP II because cone opsins have been found
to be less stable than rhodopsins (Ramon et al., 2009),
and because it had been previously expressed using pMT
(Chinen et al., 2003). RNA was extracted from zebrafish
eyes using the RNeasy Mini Kit (Qiagen) and cDNA libraries
were generated using the SMART cDNA Library Construc-
tion Kit (BD Biosciences). A forward primer was designed
to amplify the coding sequence of zebrafish RH2-1 along
with an established reverse primer (Table 1). The RH2-1
gene was cloned into the pJET1 cloning vector where it
was re-amplified using primers that added BamHI and Eco-
RI restriction sites to its 50 and 30 ends, respectively, but
leaving out the third nucleotide of the last codon and the
entire stop codon (Table 1). This fragment was cloned into
the pJET1 cloning vector, digested via BamHI/EcoRI double
digestion, and ligated into p1D4-hrGFP II. The omission of
the third nucleotide of the last codon of RH2-1 and the
addition of a guanine base 50 of the 1D4 epitope results
in the reading frame of the EcoRI restriction site to code
for Asn-Ser (AAT-CCG) instead of Glu-Phe (GAA-TTC), as
the former pair of residues is less likely to affect the func-
tion of an expressed GPCR. Maxipreps were generated with
the PureLink HiPure Plasmid Maxiprep Kit (Invitrogen),
and multiple cloning sites of all expression vectors were
confirmed via sequencing.

2.2. Visual pigment expression, purification & detection

Expression vectors (12 lg per 10-cm plate) were tran-
siently transfected into cultured HEK293T cells using Lipo-
fectamine 2000 (Invitrogen). Protein expression was
monitored via the hrGFP II reporter, co-translated with vi-
sual pigments, using a Leica MZ16F Fluorescence Stereomi-
croscope. Cells were harvested 48 h after transfection,
washed three times with harvesting buffer (PBS, 10 lg/
mL aprotinin, 10 lg/mL leupeptin) and incubated in 5 lM
11-cis-retinal to regenerate visual pigments. Samples were
then solubilized in solubilization buffer (100 mM NaCl,
1 mM CaCl2, 50 mM Tris pH 6.8, 1% dodecylmaltoside)
and immunoaffinity purified with the 1D4 monoclonal
antibody essentially as previously described (Han et al.,
Table 1
List of primer sequences used in this study.

Primer Sequence (50–30)

1D4F GAATTCGACAGAGACCAGCCAAGTGGCG
1D4R CGCTACAGACGTTGTTTGTCTTCAAG
RH2-1F ATGAACGGGACAGAAGGGAGCAACTTCTAC
RH2-1Ra GGAGCACTGAATAGGCAGAT
BamRH2-1F CGCCCACCGGATCCATGAACGGGACAGAAGGGAGC
EcoRH2-1R CCGGAATTCGCAGGAGACACAGAGGACACCTC

a RH2-1R was previously used to amplify zebrafish RH2-1 (Chinen e
1996; Chang et al., 2002). Western blots employed the
mouse 1D4 monoclonal antibody (University of British
Columbia) as a primary antibody and a sheep anti-mouse
antibody linked to horseradish peroxidase (Amersham Bio-
sciences) as a secondary antibody; the ECL plus Western
blotting detection system (Amersham Biosciences) was
used for detection. The UV–visible absorption spectra of
solubilized cell lysates or purified visual pigments were re-
corded at 25 �C using a Cary4000 double-beam spectro-
photometer (Varian). Difference spectra of solubilized cell
lysates were calculated by subtracting light-bleached
absorbance spectra from respective dark spectra; this dif-
ferential absorbance is then used as an estimate of func-
tional visual pigment concentration.
3. Results and discussion

In this study, we show that the pIRES-hrGFP II expres-
sion vector can express visual pigments at high levels com-
pared to pMT in mammalian cell culture as well as utilize
the hrGFP II reporter gene to monitor expression levels of a
Purpose

Amplify 400 bp of bovine rhodopsin, with 1D4 epitope

Amplify zebrafish RH2-1 from eye cDNA

Add restriction sites to zebrafish RH2-1

t al., 2003).
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protein of interest. We also engineer the p1D4-hrGFP II
expression vector, containing the pIRES-hrGFP II backbone
with the 1D4 epitope added as a C-terminal fusion tag,
allowing for efficient heterologous expression of any visual
pigment or GPCR of interest. This was demonstrated by the
efficient expression of zebrafish RH2-1, a cone opsin that is
less stable than bovine rhodopsin.

3.1. Expression of bovine rhodopsin by pIRES-hrGFP II

Bovine rhodopsin was expressed in HEK293T cells using
either the pMT or pIRES-hrGFP II expression vector, in or-
der to assess the ability of pIRES-hrGFP II to express visual
pigments in vitro. Each expression vector was used to
transfect four 10-cm diameter culture plates. Dark and
light-bleached spectra were taken for each sample of cell
lysate following solubilization and data was averaged for
Fig. 2. Absorbance spectrophotometry comparing the expression of bovine rhod
vector. (A) A 3.9-fold increase in absorbance is seen from difference spectra of
compared to pMT. (B) A 5.7-fold increase in absorbance is seen from dark spectr
compared to pMT.
each expression vector. Difference spectra were recorded
for each sample, with the pIRES-hrGFP II sample showing
on average approximately 3.9 times more absorbance than
that from pMT (Fig. 2A). Cell lysates from each expression
vectors were then immunoaffinity purified using 1D4
monoclonal antibody-coupled resin. Dark spectra were re-
corded for both expression vectors, with pIRES-hrGFP II
showing approximately 5.7 times more absorbance than
pMT (Fig. 2B). These results suggest the pIRES-hrGFP II
expression vector is responsible for a significant increase
in functional visual pigment synthesis (3.9- to 5.7-fold)
in HEK293T cells compared to pMT. The yield for the entire
pIRES-hrGFP II expression system was approximately
6.4 lg of purified bovine rhodopsin per 10-cm plate of
HEK293T cells, compared to 1.2 lg per plate using pMT
(Table 2). This is also an improvement from a previous sys-
tem using pMT to express bovine rhodopsin in COS-1 cells
opsin in HEK293T cells using either the pIRES-hrGFP II or pMT expression
solubilized lysate samples derived from cells expressing pIRES-hrGFP II

a of purified protein samples derived from cells expressing pIRES-hrGFP II



Table 2
A comparison of features between pIRES-hrGFP II and pMT.

Vector Promoter Antibiotic
resistance

Yield

pIRES-hrGFP II Cytomegalovirus
(CMV)

Kanamycin 6.4 lg/plate

pMT Adenovirus
major late (AML)

Ampicilin 1.2 lg/plate
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(Oprian et al., 1987). A Western blot was performed on sol-
ubilized cell lysate samples from both pIRES-hrGFP II and
pMT to verify the difference in visual pigment concentra-
tion. A notable increase in band intensity was seen for
samples generated from pIRES-hrGFP II compared to pMT
(results not shown).

3.2. Expression of zebrafish RH2-1 by p1D4-hrGFP II

Bovine rhodopsin was immunoaffinity purified using its
endogenous C-terminal 1D4 epitope. In order to efficiently
tag other proteins of interest, the nine amino acid 1D4 epi-
tope sequence (TETSQVAPA) was inserted at the unique
EcoRI restriction site of the pIRES-hrGFP II expression vec-
tor, creating the p1D4-hrGFP II expression vector. To test
the potency of this new expression vector, the coding se-
quence of zebrafish RH2-1 was amplified from zebrafish
eye cDNA and ligated into its multiple cloning site. This
expression vector was used to transfect twenty-four 10-
cm diameter culture plates of HEK293T cells, which were
harvested, solubilized and purified as described above.
The p1D4-hrGFP II expression vector was able to generate
a sample of zebrafish RH2-1 with a maximum absorbance
of 0.041 and a ratio of protein absorbance to visual pig-
ment absorbance (A280/AMAX) of 3.3 (Fig. 3).

The absorbance ratio (A280/AMAX) is often used as a mea-
sure of purity and an indicator of functional protein con-
Fig. 3. Dark spectrum of zebrafish RH2-1 cone opsin expressed in HEK293T ce
approximately 0.041 with a kMAX value of 469 nm. A comparison between all pr
(k280/kMAX) of 3.3. This is a significant decrease from previous studies that have
expression and purification efficiency.
tained in a visual pigment sample (Karnik et al., 1988;
Bhattacharya et al., 1992), with A280 indicating total pro-
tein content and AMAX, the absorbance at kMAX, indicating
the amount of functional visual pigment contained in the
sample. Previous experiments expressing cone opsins with
pMT have produced absorbance ratios ranging from 2.9 to
26, with the range of fish RH2 opsins being 4.8–11.6 (Mat-
sumoto et al., 2006; Chinen et al., 2003; Kawamura and
Yokoyama, 1998). These values suggest that the absor-
bance ratio of 3.3 from zebrafish RH2-1 expressed using
p1D4-hrGFP II is among the best ratios found for cone op-
sins, and is particularly impressive among fish RH2 opsins.
The low absorbance ratio in our study indicates a high
overall yield and a low proportion of misfolded, non-func-
tional visual pigment. The increased efficiency in express-
ing an RH2 opsin, along with the recent expression of a
novel zebrafish opsin (Morrow et al., in preparation), sug-
gests that p1D4-hrGFP II is an ideal candidate for express-
ing opsins and GPCRs, even those that are less stable than
bovine rhodopsin.
3.3. Comparison of pIRES-hrGFP II and pMT

The difference between the pIRES-hrGFP II/p1D4-hrGFP
II and pMT most likely to cause the difference in their over-
all expression efficiency is the promoter sequence, with the
former pair being equipped with the cytomegalovirus
(CMV) promoter and the latter containing the adnovirus
major late (AML) promoter. A previous study that com-
pared promoters driving specific antibody response induc-
tion through replication-defective adenovirus-based
inoculation showed a significantly greater response using
CMV compared to AML (Ambriovic et al., 1997); another
noted that gene expression in synoviocytes was 6–10 times
higher when driven by the CMV promoter compared to the
AML promoter (Goossens et al., 2000). Considering that
lls using the p1D4-hrGFP II expression vector. Maximal absorbance was
otein (k280) and visual pigment (kMAX) expression was made, with a value
expressed zebrafish RH2-1 (Chinen et al., 2003), suggesting an increase in



Fig. 4. Fluorescence microscopy of HEK293T cells expressing bovine rhodopsin and the hrGFP II reporter after transfection with the pIRES-hrGFP II
expression vector. (A) Reporter activity was measured at 24, 48, and 72 h post transfection with the most widespread fluorescence detected at 48 hpt. (B)
Resulting difference spectra from solubilized cell lysates show that increased fluorescence leads to increased absorbance.
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many recent promoter comparisons no longer include the
AML promoter in their studies (Arita et al., 2008; Chen
et al., 2008), it would seem that switching to the CMV pro-
moter is a logical step to increase expression levels in het-
erologous expression studies.

3.4. The hrGFP II gene as a co-translated reporter

An additional feature of the p1D4-hrGFP II expression
vector is the hrGFP II reporter gene that is co-translated
with a visual pigment due to the presence of an internal
ribosome entry site (IRES), allowing transcription initiation
in the middle of the primary mRNA transcript, bypassing
the usual 50 cap recognition requirement. hrGFP II has been
modified from the original GFP of Renilla reniformis (Ward
and Cormier, 1979) to contain codons preferred in highly
expressed human genes. Additionally, hrGFP II is a GFP var-
iant that was subjected to random mutagenesis to generate
greater fluorescence intensity. In this study, the hrGFP II
reporter was used to determine the most appropriate time
to harvest after transfection. Fluorescent microscopy
showed the most fluorescence around 48 h post transfec-
tion, with less fluorescence captured at both 24 and 72 h
post transfection in both magnitude and surface area
(Fig. 4).

There are several other potential benefits to having a re-
porter gene such as hrGFP II co-translated alongside a gene
of interest. For instance, the reporter could be used to
screen for highly expressing colonies from which to start
stable cell lines expressing a GPCR of interest. It could also
be used to sort positive transfection events using fluores-
cent-activated cell sorting (FACS), a technique that has pre-
viously been employed to sort fluorescing HEK293 and
HEK293T cells (Wu et al., 2007; Cheng and Solomon,
2008). While these types of benefits provide new opportu-
nities for researchers involved in the heterologous expres-
sion of visual pigments or other GPCRs, it is also possible
that hrGFP II translation could be limiting the production
of the protein of interest. Therefore, if desired, this reporter
gene can be easily removed from both the pIRES-hrGFP II
and p1D4-hrGFP II constructs through a NotI/XhoI double
digestion.



168 J.M. Morrow, B.S.W. Chang / Plasmid 64 (2010) 162–169
Acknowledgments

We acknowledge Thomas Sakmar for providing the
pMT expression vector and the members of the Chang
lab. This research was supported by a Natural Sciences
and Engineering Council of Canada (NSERC) Discovery
grant (B.S.W.C.) an Early Researcher Award (B.S.W.C.) and
a University Health Network (University of Toronto) Vision
Science Research Program fellowship (J.M.M.).

References

Ablonczy, Z., Kono, M., Knapp, D.R., Crouch, R.K., 2006. Palmitylation of
cone opsins. Vision Res. 46, 4493–4501.

Ambriovic, A., Adam, M., Monteil, M., Paulin, D., Eloit, M., 1997. Efficacy of
replication-defective adenovirus-vectored vaccines: protection
following intramuscular injection is linked to promoter efficiency in
muscle representative cells. Virology 238 (2), 327–335.

Arita, E., Kondoh, M., Isoda, K., Nishimori, H., Yoshida, T., Mizuguchi, H.,
Yagi, K., 2008. Evaluation of promoter strength in mouse and rat
primary hepatocytes using adenovirus vectors. Eur. J. Pharm.
Biopharm. 70 (1), 1–6.

Bhattacharya, S., Ridge, K.D., Knox, B.E., Khorana, H.G., 1992. Light-stable
rhodopsin. J. Biol. Chem. 267 (10), 6763–6769.

Bockaert, J., Pin, J.P., 1999. Molecular tinkering of G protein-coupled
receptors: an evolutionary success. EMBO J. 18, 1723–1729.

Bonthron, D.T., Handin, R.I., Kaufman, R.J., Wasley, L.C., Orr, E.C., Mitsock,
L.M., Ewenstein, B., Loscalzo, J., Ginsburg, D., Orkin, S.H., 1986.
Structure of pre-pro-von Willebrand factor and its expression in
heterologous cells. Nature 324, 270–273.

Chang, B.S.W., Jönsson, K., Kazmi, M.A., Donoghue, M.J., Sakmar, T.P., 2002.
Recreating a functional ancestral archosaur visual pigment. Mol. Biol.
Evol. 19 (9), 1483–1489.

Chen, P., Tian, J., Kovesdi, I., Bruder, J.T., 2008. Promoters influence the
kinetics of transgene expression following adenovector gene delivery.
J. Gene. Med. 10 (2), 123–131.

Cheng, A., Solomon, M.J., 2008. Speedy/ringo C regulates S and G2 phase
progression in human cells. Cell Cycle 7 (19), 3037–3047.

Chinen, A., Hamaoka, T., Yamada, Y., Kawamura, S., 2003. Gene
duplication and spectral diversification of cone visual pigments of
zebrafish. Genetics 163, 663–675.

Davies, W.L., Cowing, J.A., Carvalho, L.S., Potter, I.C., Trezise, A.E.O., Hunt,
D.M., Collin, S.P., 2007. Functional characterization, tuning, and
regulation of visual pigment gene expression in an anadromous
lamprey. FASEB J. 21, 2713–2724.

Dell’Orco, D., Schmidt, H., Mariani, S., Fanelli, F., 2009. Network-level
analysis of light adaptation in rod cells under normal and altered
conditions. Mol. Biosyst. 5, 1232–1246.

Franke, R.R., Sakmar, T.P., Oprian, D.D., Khorana, H.G., 1988. A single
amino acid substitution in rhodopsin (Lysine 248 ? Leucine)
prevents activation of transducin. J. Biol. Chem. 263 (5), 2119–2122.

Goossens, P.H., Schouten, G.J., Heemskerk, B., Hart, B.A., Bout, A., Kluin,
P.M., Breedveld, F.C., Valerio, D., Huizinga, T.W., 2000. The effect of
promoter strength in adenoviral vectors in hyperplastic synovium.
Clin. Exp. Rheumatol. 18 (5), 547–552.

Han, M., Lin, S.W., Smith, S.O., Sakmar, T.P., 1996. The effects of amino acid
replacements of glycine 121 on transmembrane helix 3 of rhodopsin.
J. Biol. Chem. 271 (50), 32330–32336.

Jang, S.K., Pestova, T.V., Hellen, C.U., Witherell, G.W., Wimmer, E., 1990.
Cap-independent translation of picornavirus RNAs: structure and
function of the internal ribosomal entry site. Enzyme 44, 292–309.

Junge, F., Schneider, B., Reckel, S., Schwarz, D., Dötsch, V., Bernhard, F.,
2008. Large-scale production of functional membrane proteins. Cell.
Mol. Life Sci. 65, 1729–1755.

Karnik, S.S., Sakmar, T.P., Chen, H., Khorana, H.G., 1988. Cysteine residues
110 and 187 are essential for the formation of correct structure in
bovine rhodopsin. Proc. Natl. Acad. Sci. USA 85, 8459–8463.

Kaufman, R.J., Davies, M.V., Pathak, V.K., Hershey, J.W.B., 1989. The
phosphorylation state of eucaryotic initiation factor 2 alters
translational efficiency of specific mRNAs. Mol. Cell. Biol. 9 (3), 946–
958.

Kawamura, S., Yokoyama, S., 1998. Functional characterization of visual
and nonvisual pigments of American chameleon (Anolis carolinensis).
Vision Res. 38, 37–44.

Kayada, S., Hisatomi, O., Tokunaga, F., 1995. Cloning and expression of
frog rhodopsin cDNA. Comp. Biochem. Physiol. 110 (3), 599–604.
Klaassen, C.H., Bovee-Geurts, P.H.M., DeCaluwé, G.L.J., DeGrip, W.J., 1999.
Large-scale production and purification of functional recombinant
bovine rhodopsin with the use of the baculovirus expression system.
Biochemistry 342, 293–300.

Kojima, D., Torii, M., Fukada, Y., Dowling, J.E., 2008. Differential expression
of duplicated VAL-opsin genes in the developing zebrafish. J.
Neurochem. 104, 1364–1371.

Kono, M., Crouch, R.K., Oprian, D.D., 2005. A dark and constitutively active
mutant of the tiger salamander UV pigment. Biochemistry 44, 799–
804.

Kuwayama, S., Imai, H., Morizumi, T., Shichida, Y., 2005. Amino acid
residues responsible for the meta-III decay rates in rod and cone
visual pigments. Biochemistry 44, 2208–2215.

Matsumoto, Y., Fukamachi, S., Mitani, H., Kawamura, S., 2006. Functional
characterization of visual opsin repertoir in Medaka (Oryzias latipes).
Gene 371, 268–278.

McKibbin, C., Toye, A.M., Reeves, P.J., Khorana, H.G., Edwards, P.C., Villa, C.,
Booth, P.J., 2007. Opsin stability and folding: the role of Cys185 and
abnormal disulfide bond formation in intradiscal domain. J. Mol. Biol.
374, 1309–1318.

Molday, R.S., MacKenzie, D., 1983. Monoclonal antibodies to rhodopsin:
characterization, cross-reactivity, and application as structural
probes. Biochemistry 22, 653–660.

Mollaaghababa, R., Davidson, F.F., Kaiser, C., Khorana, H.G., 1996.
Structure and function in rhodopsin: expression of functional
mammalian opsin in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci.
USA 93, 11482–11486.

Morrow, J.M., Lazic, S., Chang, B.S.W., A novel rhodopsin-like gene
expressed in zebrafish retina, in preparation.

Murakami, M., Kouyama, T., 2008. Crystal structure of squid rhodopsin.
Nature 453, 363–368.

Nickle, B., Wilkie, S.E., Cowing, J.A., Hunt, D.M., Robinson, P.R., 2006.
Vertebrate opsins belonging to different classes vary in constitutively
active properties resulting from salt-bridge mutations. Biochemistry
45, 7307–7313.

Opekarova, M., Tanner, W., 2003. Specific lipid requirements of
membrane proteins – a putative bottleneck in heterologous
expression. Biochim. Biophys. Acta 1610, 11–22.

Oprian, D.D., Molday, R.S., Kaufman, R.J., Khorana, H.G., 1987. Expression
of a synthetic bovine rhodopsin gene in monkey kidney cells. Proc.
Natl. Acad. Sci. USA 84, 8874–8878.

Palczewski, K., Kumasaka, T., Hori, T., Behnke, C.A., Motoshima, H., Fox,
B.A., Trong, I.L., Teller, D.C., Okada, T., Stenkamp, R.E., Yamamoto, M.,
Miyano, M., 2000. Crystal structure of rhodopsin: a G protein-coupled
receptor. Science 289, 739–745.

Park, J.H., Scheerer, P., Hofmann, K.P., Choe, H., Ernst, O.P., 2008. Crystal
structure of the ligand-free G-protein-coupled receptor opsin. Nature
454, 183–188.

Parry, J.W.L., Poopalasundaram, S., Bowmaker, J.K., Hunt, D.M., 2004. A
novel amino acid substitution is responsible for spectral tuning in a
rodent violet-sensitive visual pigment. Biochemistry 43, 8014–
8020.

Pointer, M.A., Carvalho, L.S., Cowing, J.A., Bowmaker, J.K., Hunt, D.M.,
2007. The visual pigments of a deep-sea teleost, the pearl eye
Scopelarchus analis. J. Exp. Biol. 210, 2829–2835.

Ramon, E., Mao, X., Ridge, K.D., 2009. Studies on the stability of
the human cone visual pigments. Photochem. Photobiol. 85, 509–
516.

Rasmussen, S.G.F., Choi, H., Rosenbaum, D.M., Kobilka, T.S., Thian, F.S.,
Edwards, P.C., Burghammer, M., Ratnala, V.R.P., Sanishvili, R.,
Fischetti, R.F., Schertler, G.F.X., Weis, W.I., Kobilka, B.K., 2007.
Crystal structure of the human b2 adrenergic G-protein-coupled
receptor. Nature 450, 383–388.

Reeves, P.J., Kim, J., Khorana, H.G., 2002. Structure and function in
rhodopsin: a tetracycline-inducible system in stable mammalian cell
lines for high-level expression of opsin mutants. Proc. Natl. Acad. Sci.
USA 99, 13413–13418.

Sarramegna, V., Talmont, F., Demange, P., Milon, A., 2003. Heterologous
expression of G-protein-coupled receptors: comparison of expression
systems from the standpoint of large-scale production and
purification. Cell. Mol. Life. Sci. 60, 1529–1546.

Sarramegna, V., Muller, I., Milon, A., Talmont, F., 2006. Recombinant G
protein-coupled receptors from expression to renaturation: a
challenge towards structure. Cell. Mol. Life Sci. 63, 1149–1164.

Scheerer, P., Park, J.H., Hildebrand, P.W., Kim, Y.J., Kraub, N., Choe, H.,
Hofmann, K.P., Ernst, O.P., 2008. Crystal structure of opsin in its G-
protein-interacting confirmation. Nature 455, 497–503.

Senin, I.I., Bosch, L., Ramon, E., Zernii, E.Y., Manyosa, J., Philippov, P.P.,
Gerriga, P., 2006. Ca2+/recoverin dependent regulation of
phosphorylation of the rhodopsin mutant R135L associated with



J.M. Morrow, B.S.W. Chang / Plasmid 64 (2010) 162–169 169
Retinitis pigmentosa. Biochem. Biophys. Res. Commun. 349, 345–
352.

Stanasila, L., Pattus, F., Massotte, D., 1998. Heterologous expression of G-
protein-coupled receptors: human opioid receptors under scrutiny.
Biochimie 80, 563–571.

Takenaka, N., Yokoyama, S., 2007. Mechanisms of spectral tuning in the
RH2 pigments of Tokay gecko and American chameleon. Gene 399,
26–32.

Tsutsui, K., Imai, H., Shichida, Y., 2007. Photoisomerization efficiency in
UV-absorbing visual pigments: protein-directed isomerization of an
unprotonated retinal Schiff base. Biochemistry 46, 6437–6445.

Tyndall, J.D., Sandilya, R., 2005. GPCR agonists and antagonists in the
clinic. Med. Chem. 1, 405–421.
Ward, W.W., Cormier, M.J., 1979. An energy transfer protein in
coelenterate bioluminescence. Characterization of the Renilla green-
fluorescent protein. J. Biol. Chem. 254 (3), 781–788.

Warne, T., Serrano-Vega, M.J., Baker, J.G., Moukhametzianov, R., Edwards,
P.C., Henderson, R., Leslie, A.G.W., Tate, C.G., Schertler, G.F.X., 2008.
Structure of a b1-adrenergic G-protein-coupled receptor. Nature 454,
486–492.

Wu, X., Currall, B., Yamashita, T., Parker, L.L., Hallworth, R., Zuo, J., 2007.
Prestin-prestin and prestin-GLUT5 interactions in HEK293T cells. Dev.
Neurobiol. 67 (4), 483–497.

Yokoyama, S., Tada, T., Zhang, H., Britt, L., 2008. Elucidation of phenotypic
adaptations: molecular analyses of dim-light vision proteins in
vertebrates. Proc. Natl. Acad. Sci. USA 105 (36), 13480–13485.


	The p1D4-hrGFP II expression vector: A tool for expressing  and purifying visual pigments and other G protein-coupled receptors
	Introduction
	Materials and methods
	Vector construction
	Visual pigment expression, purification & detection

	Results and discussion
	Expression of bovine rhodopsin by pIRES-hrGFP II
	Expression of zebrafish RH2-1 by p1D4-hrGFP II
	Comparison of pIRES-hrGFP II and pMT
	The hrGFP II gene as a co-translated reporter

	Acknowledgments
	References


