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G protein-coupled receptors (GPCRs) are ubiquitous hep-
tahelical transmembrane proteins involved in a wide variety
of signaling pathways. The work described here on applica-
tion of unnatural amino acid mutagenesis to two GPCRs, the
chemokine receptor CCR5 (a major co-receptor for the
human immunodeficiency virus) and rhodopsin (the visual
photoreceptor), adds a new dimension to studies of GPCRs.
We incorporated the unnatural amino acids p-acetyl-L-phe-
nylalanine (Acp) and p-benzoyl-L-phenylalanine (Bzp) into
CCR5 at high efficiency in mammalian cells to produce func-
tional receptors harboring reactive keto groups at three spe-
cific positions. We obtained functional mutant CCR5, at lev-
els up to �50% of wild type as judged by immunoblotting, cell
surface expression, and ligand-dependent calcium flux. Rho-
dopsin containing Acp at three different sites was also puri-
fied in high yield (0.5–2 �g/107 cells) and reacted with fluo-
rescein hydrazide in vitro to produce fluorescently labeled
rhodopsin. The incorporation of reactive keto groups such as
Acp or Bzp into GPCRs allows their reaction with different
reagents to introduce a variety of spectroscopic and other
probes. Bzp also provides the possibility of photo-cross-link-
ing to identify precise sites of protein-protein interactions,
including GPCR binding to G proteins and arrestins, and for
understanding the molecular basis of ligand recognition by
chemokine receptors.

Seven-transmembrane helical G protein-coupled receptors
(GPCRs)7 comprise a superfamily of cell surface proteins that
participate in the most important and diverse signaling path-
ways in nature (1). The human genome encodes �725 such
receptors, and mutations in them cause a variety of diseases.
GPCRs are, therefore, the target of a large fraction of drugs on
themarket (2, 3). Activation of GPCRs requires the binding of a
ligand. Understanding the molecular mechanism of ligand rec-
ognition, GPCR activation, and subsequent receptor interac-
tion with G proteins is an important goal in studies of GPCRs.
The most informative model system to date has been the visual
pigment, rhodopsin (activated by light), which is especially well
suited for various spectroscopic studies that can be interpreted
in the context of high resolution crystal structures (4–6).
Current dynamic studies of other GPCRs rely on fluores-

cence techniques. However, methods currently available for
dynamic studies of fluorescently labeled GPCRs in reconsti-
tuted model systems have inherent limitations. The two most
common methods to introduce site-specific fluorescent labels,
maleimide chemistry targeting cysteine residues and the use of
green fluorescent protein fusions, are cases in point. The for-
mer method requires either detailed exploration of labeling
conditions to control the precise labeling site with wild-type
receptors in the native membrane environment (7), or replace-
ment of naturally occurring cysteines with unreactive amino
acids by site-directedmutagenesis (6, 8). One obvious technical
problemwith themutagenesis approach is that the substitution
of multiple cysteines in a GPCR might have unintended or
unforeseen effects on function. Green fluorescent protein
fusions provide technical convenience and have been mostly
used for cell-based studies of trafficking, subcellular localiza-
tion, and receptor dimerization. A disadvantage of this method
is the size of the green fluorescent protein fusion tag (238 amino
acids with amolecularmass of�30 kDa), whichmight interfere
with the GPCR function or reconstitution. Single-molecule flu-
orescence resonance energy transfer, or related ensemble
methods, is potentially the most promising tool to study con-
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formational dynamics and structure. However, such studies are
not generally feasible for GPCRs, because they require specific
labeling of receptors at very high yield, generally with suitable
donor and acceptor fluorophore pairs. Clearly, the develop-
ment of an alternative and efficient site-specific labeling tech-
nique would greatly facilitate dynamic studies of receptors.
This challenge prompted us to introduce specific reactive
amino acid side chains, suitable for further derivatizationwith a
wide variety of fluorescent tags, into GPCRs while leaving their
cellular biogenesis and function intact.
An important recent advance biology has been the develop-

ment of unnatural amino acid mutagenesis involving
readthrough of an amber (UAG) codon in an mRNA by a sup-
pressor tRNA aminoacylated with the unnatural amino acid.
Unnatural amino acids with novel chemical, physical, and bio-
logical properties have been incorporated into proteins in pro-
karyotic and eukaryotic systems (9–22). Two different
approaches are used for the synthesis of the aminoacylated sup-
pressor tRNAs: (i) chemical aminoacylation of suppressor
tRNAs and (ii) introduction of engineered aminoacyl-tRNA
synthetase (aaRS)/suppressor tRNA pairs that aminoacylate
the suppressor tRNA in vivo with the desired unnatural amino
acid. The chemical approach (23) is more versatile and allows
the attachment of virtually any unnatural amino acid of interest
to the suppressor tRNA. Dougherty and co-workers (17, 24, 25)
adapted this approach successfully to studies of ion channels,
�-aminobutyric acid andnicotinic receptors expressed inXeno-
pus oocytes. Highly sensitive measurements of unique channel
activities made the absolute expression yield non-critical, with
single cell expression being sufficient. However, these and
other studies (26) have beenmostly limited to oocytes. The low
yield and the technical difficulties to produce and deliver chem-
ically aminoacylated suppressor tRNA into a large number of
mammalian cells made this method impractical for general
studies of GPCRs. In recent years, the alternative approach
involving aaRS/suppressor tRNA pairs has opened up the pos-
sibility for synthesis in vivo of functionally active proteins con-
taining unnatural amino acids, thereby providing a promising
approach to study GPCRs using simplified procedures that any
typical biochemistry or biophysics laboratory can undertake.
High level site-specific incorporation of unnatural amino

acids into proteins requires first the availability of orthogonal
aaRS/suppressor tRNA pairs (27–29). These aaRSs are then
mutagenized and used for generating suppressor tRNAs ami-
noacylated with the unnatural amino acid of choice in vivo. An
orthogonal pair consisting of an amber suppressor tRNA
derived from Bacillus stearothermophilus tRNATyr (Bst-Yam)
and mutants derived from Escherichia coli tyrosyl-tRNA syn-
thetase (TyrRS) (Y37V/Q195C) was first established in mam-
malian cells for incorporation of 3-iodo-L-tyrosine into
reporter proteins such as Ras, epidermal growth factor recep-
tor, and cyan fluorescent protein (16). Schultz and co-workers
evolved several variants of E. coliTyrRS using positive and neg-
ative selections in Saccharomyces cerevisiae (18) for the incor-
poration of other unnatural amino acids, including p-acetyl-L-
phenylalanine (Acp) and p-benzoyl-L-phenylalanine (Bzp).
More recently, the combination of Bst-Yam with one of these

TyrRS variants (Y37G/D182G/L186A) was used to successfully
incorporate Bzp into Grb2 protein in mammalian cells (21).
For this study, we were particularly interested in unnatural

amino acids containing a keto moiety, such as Acp and Bzp, to
introduce a chemically reactive handle into GPCRs. Keto
groups are generally absent from natural proteins, carbohy-
drates, and lipids and can be derivatized both in vitro (13, 30,
31) and in vivo (32–34) with hydrazide- or hydroxylamine-
bearing probes under physiological conditions. For site-specific
incorporation of Acp and Bzp into GPCRs in mammalian cells,
we use two orthogonal pairs consisting of theBst-Yam suppres-
sor tRNA and E. coli TyrRS variants AcpRS (Y37I/D165G/
D182G/F183M/L186A) and BzpRS (Y37G/D182G/L186A),
respectively, developed earlier in yeast (18).
To adapt unnatural amino acid mutagenesis to low abun-

dance membrane proteins, amber codon suppression by the
orthogonal suppressor tRNA/aaRS pairs must be optimized
and a clear assessment of the amount of functional protein that
contains the unnatural amino acid is necessary. A highly sensi-
tive assay based on firefly luciferase (FLuc) reporter was used to
optimize transfection procedures, evaluate functional yields of
mutant proteins, and confirm independently the orthogonality
and specificity of these pairs in mammalian cells. We success-
fully incorporated Acp and Bzp efficiently into two different
GPCRs, CCR5 and rhodopsin, targeting multiple specific sites
while preserving the function of the mutant receptors. The
functionality of the receptorswas demonstrated by calcium flux
assays and cell surface expression of CCR5, or by direct spec-
troscopic evaluation of rhodopsin. Furthermore, mutant rho-
dopsins containing Acp could be derivatized with a keto-reac-
tive hydrazide-fluorophore. Our results highlight the general
use of this approach to future biophysical and cell biological
studies of 7-transmembrane receptors.

EXPERIMENTAL PROCEDURES

General—Standard E. coli genetic techniques were per-
formed (35). E. coli strains XL1-Blue (recA1 endA1 gyr96 thi-1
hsdR17 supE44 relA1 lac (F� proAB lacIqZ�M15 Tn10 (Tetr))
from Stratagene and TOP10 (F� mcrA �(mrrr-hsdRMS-
mcrBC) �80lacZ�M15 �lacX74 recA1 araD139 �(ara-
leu)7697 galU galK rpsL (StrR) endA1 nupG)) from Invitrogen
were used for plasmid propagation and isolation. Oligonucleo-
tides were obtained from IDT, Genelink, and eOligo. Plasmid
DNAwas purified using standardMaxi Prep or EndoFreeMaxi
Prep Kits from Qiagen. Acp and Bzp were from RSP Amino
Acids LLC and Bachem, respectively.
Plasmids for Expression of Suppressor tRNA and Mutant

aaRS Genes in Mammalian Cells—The expression cassette
carrying an amber suppressor tRNA derived from the B.
stearothermophilus tRNATyr (Bst-Yam) was designed with
the following sequence: 5�-AGCGCTCCGGTTTTTCTGT-
GCTGAACCTCAGGGGACGCCGACACACGTACACGT-
CGGAGGGGTAGCGAAGTGGCTAAACGCGGCGGAC-
TCTAAATCCGCTCCCTTTGGGTTCGGCGGTTCGA-
ATCCGTCCCCCTCCAGTCCTTTTTTTG-3�. It consists
of a (i) 5� leader sequence taken from the human tRNATyr

gene (underlined); (ii) the B. stearothermophilus tRNATyr

gene sequence (bold) in which the anticodon was changed to
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CUA (bold underlined) and the 3�-terminal CCA was omit-
ted; and (iii) a 3�-terminal region containing a transcription
termination sequence (italics). The expression cassette was
amplified from a single-stranded DNA oligonucleotide by
PCR and inserted into pSVBpUC (36). The gene encoding
E. coli TyrRS was amplified by PCR from the genome of
E. coli strain TOP10 and inserted into pBluescript II SK(�)
(Stratagene) for subsequent mutagenesis. Mutations were
introduced using theQuikChangemultisite-directedmutagen-
esis kit (Stratagene) according to the manufacturer’s protocol;
Y37I/D165G/D182G/F183M/L186A for AcpRS and Y37G/
D182G/L186A for BzpRS. The genes for AcpRS and BzpRS
were further amplified by PCR introducing a C-terminal FLAG
tag and cloned into the mammalian expression vector
pCDNA3.1(�)/neo (Invitrogen).
Plasmids for Expression of FLuc, CCR5, and Rhodopsin in

Mammalian Cells—The gene for wild-type firefly luciferase
(FLuc.wt) and a variant thereof carrying a Y70am mutation
(FLuc.Y70am) were amplified from plasmids described ear-
lier (37) and inserted into the mammalian expression vector
pCMVTNT (Promega). Both luciferase constructs contain a
C-terminal His6 tag. Plasmid pcDNA3.1(�)/neo carrying the
gene for wild-type CCR5 (38) and plasmid pMT4 carrying the
gene for wild-type rhodopsin were described earlier (39, 40).
Both proteins contain a C-terminal 1D4 tag. Amber mutations
were introduced into CCR5 at positions Ile-28, Phe-96, or Phe-
260 using QuikChange mutagenesis (Stratagene). Similarly,
rhodopsin mutants carrying an amber mutation at positions
Tyr-29, Tyr-102, or Tyr-274 were generated. All plasmid con-
structs were confirmed by automated DNA sequencing.
Incorporation of Acp and Bzp into Proteins Expressed in

Mammalian Cells—HEK293T and HEK293S GnTI� cells (41)
weremaintained inDulbecco’smodified Eagle’smedium (4,500
mg/liter glucose, Invitrogen and Cellgro), 10% fetal bovine
serum (Atlanta Biologicals), 2mM glutamine, 100 units/ml pen-
icillin, and 100�g/ml streptomycin (Invitrogen) at 37 °C in a 5%
CO2 atmosphere. Mammalian cells were transfected with plas-
mid DNA using Lipofectamine Plus (Invitrogen) or Effectene
(Qiagen). For transfection in a 10-cm culture dish, 3.5 �g of
pcDNA.CCR5 (or pMT4.rho), 3.5 �g of pSVBpUC.Bst-Yam,
and 0.35 �g of pcDNA.aaRS were mixed with Lipofectamine
and added to cells at 70–80% confluence according to theman-
ufacturer’s protocol. Three hours after transfection, cells were
fed with an equal volume of Dulbecco’s modified Eagle’s
medium supplemented with 20% fetal bovine serum. Small
scale transfections for luciferase expression in 24-well plates
were carried out as described previously using Effectene (42).
Unnatural amino acids were supplied at a final concentration of
0.3–1 mM 3 h post-transfection; Acp was dissolved directly in
Dulbecco’s modified Eagle’s medium at a stock concentration
of 2–3 mM; Bzp was neutralized with NaOH at a concentration
of 0.2–0.4 M and then added to Dulbecco’s modified Eagle’s
medium at a final concentration of 0.3–1 mM. Cells were har-
vested 48 h post-transfection and analyzed for expression of
Bst-Yam, CCR5, rhodopsin, and luciferase.
Analysis of in Vivo State of Suppressor tRNAs Expressed in

Mammalian Cells—Total RNAs were isolated under acidic
conditions using TRIzol (Invitrogen). The tRNA was resus-

pended in 10 mM sodium acetate, pH 5.0, and stored in 10 mM
sodium acetate, pH 5.0, at �80 °C. tRNAs were separated by
acid urea PAGE (43), electroblotted onto Nytran-SPC mem-
brane (Whatman), and detected by standard Northern blot
hybridization. Membranes were prehybridized at 42 °C in 10�
Denhardt’s solution/6� SSC/0.5% SDS. Hybridizationwas per-
formed at 42 °C in 6� SSC/0.1%SDS in the presence of a 5�-32P-
labeled oligonucleotide complementary to nucleotides 1–20 of
the Bst-Yam suppressor tRNA. An oligonucleotide comple-
mentary to nucleotides 18–36 of the human initiator tRNAi

Met

was used as an internal standard. Membranes were washed at
room temperature, once with 6� SSC/0.1% SDS followed by
two washes with 6� SSC, and then subjected to autoradiogra-
phy. Northern blots were quantified by PhosphorImager anal-
ysis using ImageQuaNT software (Molecular Dynamics).
Assay for Luciferase Activity—A Single Luciferase Reporter

System (Promega) was used to assay luciferase activity follow-
ing the manufacturer’s instructions. The preparation of mam-
malian cell extracts has been described elsewhere (37). Meas-
urement of luciferase activities was carried out on a Sirius tube
luminometer (Berthold Detection Systems) with a 10-s pre-
measurement delay and a 15-s measurement period. Luciferase
activities are given as relative luminescence units per�g of total
cell protein. The protein concentration of cell lysateswas deter-
minedwith a BCAprotein assay (Pierce) using BSA as standard.
The values shown in the tables and figures represent the aver-
ages of at least two independent experiments; variation among
experiments was �10%.
Immunoblot Analysis—Cell lysates were resolved by SDS-

PAGE and transferred onto Immobilon, a polyvinylidene diflu-
oride membrane (Millipore), according to the protocols pro-
vided by the manufacturer. The membranes were probed with
primary antibodies against the 1D4 epitope (National Cell Cul-
ture Center, 1:5,000), His4 tag (Qiagen; 1:5,000), FLAG tag
(Invitrogen; 1:5,000), and a horseradish peroxidase-conjugated
secondary antibody (Amersham Biosciences GE or KPL Inc.;
1:5,000 to 1:10,000; anti-mouse IgG). Signals were visualized by
enhanced chemiluminescence treatment (Amersham Bio-
sciences GE or PerkinElmer Life Sciences) and exposure to
X-Omat AR film (Eastman Kodak). Equal amounts of total pro-
tein were analyzed per lane.
Characterization of RANTES-dependent Calcium Flux in

Transiently Transfected HEK293T Cells—Assays of calcium
flux in mammalian cells using Fluo-3 (Invitrogen) as an intra-
cellular calcium-indicator dye were performed essentially as
described (44). Studies were performed at least twice on inde-
pendent samples. Dose-response data were collected by meas-
uring the effects of various concentrations of human RANTES
peptide (Peprotech) on the calcium flux. For each concentra-
tion, 10% (v/v) Triton X-100 was added to lyse the cells for
maximal fluorescence followed by a quench with 4 mM EGTA
that provides the minimal signal. Fluorescence was measured
on an F-4500 Fluorescence Spectrophotometer (Hitachi). Flu-
orescence peak heights normalized to the total fluorescence
response were plotted against RANTES concentration, and the
data were fit to a four-parameter logistic function of the form:
f(x) � a � [(b � a)/(1 � (x/c)d)] (45). The EC50 values were
calculated from the inflection point c of the best-fit curve.
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Cell Surface Expression of CCR5 and Fluorescence
Microscopy—24 h post-transfection, cells were plated on
12-mm glass coverslips coated with poly-L-lysine and cultured
for another 24 h. Cells were fixed with 4% paraformaldehyde
and labeled either with fluorescein isothiocyanate-conjugated
anti-CCR5 antibody (clone 2D7, BD Pharmingen) or with 1D4
antibody followed by Alexa 488-conjugated anti-mouse IgG
secondary antibody. Fluorescence images of permeabilized and
non-permeabilized cells were obtained. The cells were imaged
on a Zeiss Axiovert 200M inverted microscope using a 20�
objective. The images were acquired using Axiovision software
and processed using Adobe Photoshop.
Preparation and Spectral Characterization of Rhodopsin

Mutants—The regeneration, immunoaffinity purification, and
UV-visible absorption spectroscopy of rhodopsin were per-
formed as described (39, 46). Rhodopsin sampleswere generally
obtained in 0.1% (w/v) n-dodecyl-�-D-maltoside (DM,
Anatrace)/0.1 M sodiumphosphate (pH 6.5). UV-visible spectra
were recorded with a Lambda 800 spectrophotometer
(PerkinElmer Life Sciences) set to a slit width of 2 nm in a
cuvette with a 1-cm path length before and after 30 s of photo-
bleaching with a 150-W FiberLite A-200 fiber-optic light
source (Dolan Jenner Industries) using a 495-nm cut-off filter.
The intensity of the 500 nm peak was used to calculate the
concentration of rhodopsin, with an extinction coefficient of
42,000 M�1cm�1.
Site-specific Labeling in Vitro of Purified Rhodopsin Mutants

Containing a Reactive KetoMoiety—Cells from a 10-cm culture
dish were harvested, regenerated with 11-cis-retinal, and fur-
ther solubilized with 1 ml of SB buffer (0.05 M HEPES, 0.1 M
NaCl, 1mMCaCl2, pH 6.8) containing 1.0% (w/v) DM for 3–4 h
at 4 °C as described (39). After centrifugation at 30,000 � g for
30 min, supernatant fractions were loaded onto 50 �l of 1D4
resin slurry (39) and equilibrated for �4 h at 4 °C. Resins were
washed three times with WB1 (0.05 M HEPES, 0.1 M NaCl,
0.05% DM, pH 6.0), and then incubated with 300 �l of WB1
containing 1 mM fluorescein-hydrazide (Invitrogen) overnight
at room temperature. Resins were washed extensively with
WB1 (pH 6.8), followed by washes with WB2 (0.1 M sodium
phosphate, 0.1% DM, pH 6.5). Labeled rhodopsin was eluted in
a total volume of �100 �l of EB (WB2 buffer containing 0.36
mg/ml 1D5 peptide, Anaspec). Samples were analyzed by UV-
visible spectroscopy and subsequently subjected to SDS-PAGE.
The amount of rhodopsin was normalized based on the absorb-
ance at 500 nm. Gels were imaged using a Typhoon 9400 Image
Scanner (Amersham Biosciences GE) with an excitation (488
nm)/emission (520 nm BP40) filter-set optimized for fluores-
cein detection.

RESULTS

Evaluation of Mutant TyrRS/Bst-Yam Pairs in Mammalian
Cells—HEK293T cells were co-transfected with plasmids car-
rying the respective genes forBst-Yam,E. coliTyrRS (wild-type,
AcpRS, or BzpRS), and the FLuc reporter containing an amber
codon at position Y70 (FLuc.Y70am) (Table 1). FLuc activity
measured in total cell extracts strictly depended on the co-ex-
pression of both Bst-Yam and TyrRS confirming the orthogo-
nality of the suppressor tRNA in mammalian cells (Table 1,

rows 1–4). In the presence of wild-type TyrRS, suppression
efficiencies were in the range of �35% corresponding to �0.5
�g of FLuc/105 cells (data not shown). Co-expression of Bst-
Yam andTyrRSmutants AcpRS or BzpRS in the presence of 0.3
mM Acp or Bzp led to efficient incorporation of the respective
analogue into the luciferase reporter, with suppression efficien-
cies of �18% for AcpRS (Table 1, row 7) and �8% for BzpRS
(Table 1, row 11). Some minor readthrough in the absence of
Acp suggests some misincorporation of tyrosine by AcpRS
(Table 1, row 5), whereas BzpRS was much more specific for
Bzp (Table 1, row 9). The data based on FLuc activity were
corroborated by immunoblot analysis (supplemental Fig. S1).
The amount of full-length FLuc protein corresponded to the
levels of luciferase activity measured in the same samples. Fur-
thermore, immunoblotting confirmed that wild-type and
mutant TyrRSs were expressed to similar levels (supplemental
Fig. S1).
We also examined the expression of the Bst-Yam suppressor

tRNA and the extent of its aminoacylation in vivo. Total RNA
was isolated from HEK293T cells under acidic conditions and
subjected to analysis by acid urea PAGE followed by Northern
blotting (43) using a 32P-labeled DNA oligonucleotide comple-
mentary to Bst-Yam (Fig. 1). Cells transfected with plasmid
pSVBpUC carrying the Bst-Yam gene show a clear signal cor-
responding to the expression of mature suppressor tRNA (Fig.
1, lane 2). As expected, Bst-Yam was not aminoacylated in the
absence of E. coli TyrRS, its aminoacylation depended strictly
upon co-expression of wild-type TyrRS (�75%), AcpRS
(�65%), or BzpRS (�50%) and the corresponding unnatural
amino acid (Fig. 1, lanes 3, 5, and 7). AcpRS aminoacylates the
Bst-Yam suppressor tRNA in vivo at a low level in the absence of
Acp (Fig. 1, lane 4), consistent with the data above indicating
some minor background FLuc activity in the absence of Acp
(Table 1, lane 5). All samples show a small amount of non- or
partially processed Bst-Yam precursor as a slower migrating
band.

TABLE 1
Site-specific insertion of Acp or Bzp into firefly luciferase in
mammalian cells
HEK293T cells were transfected with plasmids carrying the genes for FLuc (wild-
type or FLuc.Y70am), Bst-Yam, and E. coliTyrRS (wild-type, AcpRS, or BzpRS), and
cultured in the absence and presence of Acp or Bzp at a final concentration of 0.3
mM. Cells were harvested 48 hours post-transfection and analyzed for FLuc activity
as described (37). The average FLuc activities from two independent experiments
are described as relative luminescence units (RLU)/�g of protein in a total cell
extract and as percentage of wild-type activity (%).

FLuc tRNA TyrRS aaa FLuc activity
Relative
FLuc

activity
� 106 (RLU/�g) %

1 Y70am 0.03 0.01
2 Y70am Yam 0.88 0.35
3 Y70am Yam wt 86.60 34.53
4 wt Yam wt 250.82 100.00
5 Y70am Yam AcpRS 4.14 1.34
6 wt Yam AcpRS 308.92 100.00
7 Y70am Yam AcpRS Acp 53.40 17.34
8 wt Yam AcpRS Acp 307.88 100.00
9 Y70am Yam BzpRS 0.89 0.24
10 wt Yam BzpRS 361.53 100.00
11 Y70am Yam BzpRS Bzp 15.34 7.75
12 wt Yam BzpRS Bzp 198.75 100.00

a aa, amino acid.
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Site-specific Incorporation of Acp into CCR5—We first
attempted the incorporation of Acp intoCCR5 at position F260
(CCR5-F260Acp), located in the extracellular loop E3 (Fig. 2A).
The expression of CCR5-F260Acp in HEK293T cells was ana-
lyzed in detail by immunoblotting and functional readout by
calcium flux using wild-type CCR5 as a control (Fig. 2, B–D).
CCR5-F260Acp was synthesized only in those cells co-express-
ing Bst-Yam and AcpRS in the presence of exogenously added
Acp (Fig. 2B, lane 5). In the absence of any of these components,
we observed no full-length CCR5 by immunoblot analysis and
only negligible RANTES-dependent calcium flux (Fig. 2C, lanes
2–4). The measurement of calcium flux allowed us to quanti-
tate the level of functional CCR5-F260Acp, which was consis-
tently found to be greater than 30% compared with wild-type
CCR5 (Fig. 2C, lanes 1 and 5). Dose-response studies on CCR5-
F260Acp with a titration of RANTES from 0 to �400 nM dem-
onstrated that the incorporation of Acp did not affect RANTES
binding (Fig. 2D). The EC50 value was calculated to be 7.3 nM,
based on the average from three independent transfection
experiments, and compares well with the experimental value
for wild-type CCR5 of 2.2 nM (see Fig. 3, lane 1) and the
reported value of 3.0 nM (47). Immunofluorescence studies
using antibodies specific for the N- and C-terminal domains of
CCR5 confirmed that the mutant receptor containing Acp was
properly displayed at the cell surface (Fig. 2E).
Expression of Functionally Active CCR5Mutants Containing

Acp or Bzp at Three Different Positions—We next studied the
incorporation of Acp and Bzp into CCR5 at three different tar-
get sites in the N terminus and extracellular loops E1 and E3,
respectively (Ile-28, Phe-96, and Phe-260, Figs. 2A and 3).
Immunoblot analysis showed that, in general agreement with
the incorporation of Acp and Bzp into FLuc (Table 1), CCR5

mutants containing Acp were produced to �50% compared
with wild-type and to significantly higher levels (	 5-fold) than
those containing Bzp (Fig. 3, compare lanes 3–5 with lanes
6–8). Interestingly, the functional readouts based on calcium
flux did not follow the same trend. For example, CCR5mutants
F96Bzp and F260Bzp show a calcium flux greater than 50%
comparedwithwild-typeCCR5,whereas the amount of protein
detected is significantly less (Fig. 3, lanes 1, 7, and 8). Likewise,
CCR5-I28Acp and CCR5-I28Bzp produce a similar calcium
flux of � 30%, yet CCR5-I28Bzp is barely detectable by immu-
noblotting in contrast to CCR5-I28Acp (Fig. 3, lanes 3 and 6).
Average yields of CCR5 synthesis were calculated (supplemen-
tal Table S2). EC50 values were determined for all CCR5
mutants, these ranged from 1.3 to 7.3 nM (Fig. 3, bottom line)
suggesting that the incorporation of Acp or Bzp into CCR5 at
Ile-28, Phe-96, or Phe-260 positions did not perturb the overall
RANTES-dependent signaling activity of themutant receptors.
Also, all six mutant receptors were localized to the cell surface
(supplemental Fig. S2). The disparity in the yields measured by
immunoblot versus RANTES-dependent calcium flux suggests
that the expression level of full-length receptors does not nec-
essarily correlate with the level of functional receptors meas-
ured by downstream second-messenger readouts. A complete
characterization of this interesting phenomenon is in progress.
Overall, our results are very promising in that we observe effi-
cient amber suppression at various target sites and conse-
quently efficient synthesis of receptor proteins containing Acp
or Bzp.
Site-specific Incorporation of Keto Amino Acids into Rhodop-

sin and in Vitro Labeling of Rhodopsin Mutants—To evaluate
the generality of producing high yields of GPCRs that contain
Acp or Bzp, we also tested rhodopsin, one of the few GPCRs
that can be purified easily, while preserving its full functionality.
We incorporated Acp into the extracellular loop E1 at position
Tyr-102 (Fig. 2A), a site known to be solvent-accessible based
on the crystal structure and dynamics simulations (5, 48, 49).
Rhodopsin containing Acp (rho-Y102Acp) was purified from
transiently transfectedHEK293SGnTI� cells (41) and analyzed
by UV-visible absorbance spectroscopy before and after
photobleaching (Fig. 4A). The difference spectra of wild-
type rhodopsin and rho-Y102Acp were used to assess the
functionality of the receptors (Fig. 4A, inset). As expected, no
detectable spectral shift was observed for rho-Y102Acp con-
firming that the incorporation of Acp did not affect the
native chromophore binding pocket. The relative absorb-
ance at 500 nm showed that the rho-Y102Acp mutant was
produced at a remarkable 42% compared with wild-type rho-
dopsin. The average yield of rho-Y102Acp isolated from a
single 10-cm plate (�107 cells) was �2 �g.
To demonstrate covalent in vitro labeling of the keto moiety

with fluorescein-hydrazide under mild acidic conditions, we
synthesized three different rhodopsin mutants containing Acp
(rho-Y29Acp, rho-Y102Acp, and rho-Y274Acp (Fig. 2A and
supplemental Table S2)). Fluorescein-labeled rhodopsin sam-
ples were separated by SDS-PAGE and visualized under a
fluorescence image scanner (Fig. 4B). A strong fluorescent
signal was observed for all three mutant receptors, signifi-
cantly stronger than the background signal seen for wild-

FIGURE 1. In vivo aminoacylation state of Bst-Yam suppressor tRNA in
mammalian cells. Total RNA was isolated under acidic conditions from
HEK293T cells transfected with plasmids carrying the genes for Bst-Yam
and E. coli TyrRS (wild-type, AcpRS, or BzpRS). Cells were cultured in the
absence and presence of Acp or Bzp as indicated. tRNAs were analyzed by
acid urea PAGE followed by Northern hybridization using a DNA oligonu-
cleotide specific for Bst-Yam. An oligonucleotide specific for the human
initiator tRNAi

Met was used as internal standard for quantitation of RNA
and aminoacylation levels by PhosphorImager analysis. aa, amino acid;
pre-Yam, Bst-Yam precursor.
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type rhodopsin treated under the
same conditions. Fluorescein-la-
beled rhodopsinswere also analyzed
by UV-visible spectroscopy con-
firming normal chromophore re-
generation and bleaching behavior
of the labeled receptors (Fig. 4C and
supplemental Fig. S3). Labeling effi-
ciencies are provided asmolar ratios
of fluorescein to rhodopsin mutant
(Fig. 4D).

DISCUSSION

We introduced keto-containing
unnatural amino acids Acp and Bzp
at specific sites in 7-transmembrane
receptors CCR5 and rhodopsin in
mammalian cells using amber sup-
pression by orthogonal E. coli
mutant aaRS/Bst-Yam suppressor
tRNA pairs. The remarkably high
yield of 0.5–2 �g of Acp-containing
rhodopsins/107 cells can be attrib-
uted to the efficient synthesis of
both the mutant aaRS and the sup-
pressor tRNAoptimized by the con-
venient screening of various tRNA
and aaRS gene constructs and trans-
fection procedures using the lucifer-
ase assay (data not shown). The
extent of in vivo aminoacylation of
the Bst-Yam suppressor tRNA was
found to vary from �65% with Acp
to �50% with Bzp, compared with

�75% with tyrosine. Given the approximately similar level of
aminoacylated Bst-Yam in vivo, the difference in yields of FLuc
and CCR5 containing Acp, Bzp, or tyrosine (Table 1 and Fig. 2)
could reflect the discrimination by components of the transla-
tionalmachinery such as the elongation factor and/or ribosome
toward these unnatural amino acids.
We focused our attention on unnatural amino acidmutagen-

esis in mammalian cells because, despite intense efforts for
decades, expression of functional GPCRs in E. coli has not been
possible.We introduced non-perturbing but reactive keto-con-
taining amino acids, Acp and Bzp, for subsequent derivatiza-
tion. Bzp also has the added advantage of being a potent pho-
tochemical cross-linking agent, which would facilitate
identification of sites of protein-protein interactions and intra-
and intermolecular conformational dynamics studies. For
example, photo-cross-linking could be used to identify the pre-
cise sites of GPCR docking to G proteins and arrestins and for
understanding themolecular basis of ligand recognition by che-
mokine receptors. The presence of keto-reactive groups at spe-
cific sites in proteins provides virtually unlimited potential to
attach labels with specific properties best suited for a variety of
spectroscopic methods, including Fourier transform IR, EPR,
and NMR. The only limiting factor is the amount of functional
labeled receptor that can be obtained.

FIGURE 2. Site-specific incorporation of Acp into functional CCR5 in mammalian cells. A, schematic repre-
sentation of the secondary structure of CCR5 and rhodopsin. The 7-transmembrane helices (I–VII) and the
cationic amphipathic helix VIII are shown as cylinders. Positions in CCR5 (�) and rhodopsin (F) subjected to
site-specific incorporation of unnatural amino acids are indicated. B, analysis of cell lysates by immunoblot
using an antibody against the C-terminal 1D4 epitope of CCR5. HEK293T cells were transfected with plasmids
encoding CCR5-wt or CCR5-F260am, Bst-Yam, and AcpRS. Cells were cultured in the absence and presence of
Acp as indicated. Equal amounts of total protein were analyzed per lane. C, ligand-induced calcium flux. Traces
represent the levels of Fluo-3 fluorescence emitted over time by cells in suspension (44). The addition of
RANTES (20 nM) is indicated by arrows. Relative CCR5 activities are summarized underneath. D, dose-response
curves of CCR5-F260Acp. Calcium flux was measured at various concentrations of RANTES ranging from 0 to
400 nM; the data from three independent measurements (gray) were normalized and averaged (black) as
described (45). E, cell surface expression of CCR5-wt and CCR5-F260Acp. Fluorescence images of non-perme-
abilized cells labeled with a fluorescein isothiocyanate-conjugated anti-CCR5 antibody against the extracellu-
lar N-terminal 2D7 epitope of CCR5 (N, top panel), and permeabilized cells were labeled with an antibody
against the cytoplasmic C-terminal 1D4 tag (C, bottom panel) of CCR5 followed by staining with an Alexa
488-conjugated secondary antibody. Blue, nuclei stained with 4�,6-diamidino-2-phenylindole; green, labeled
CCR5.

FIGURE 3. Expression of functional CCR5 mutants containing Acp or Bzp
at positions 28, 96, or 260. HEK293T cells were transfected with plasmids
carrying the genes for CCR5-wt or CCR5 mutant with an amber mutation at
position Ile-28, Phe-96, or Phe-260. Plasmids encoding Bst-Yam and E. coli
TyrRS (AcpRS or BzpRS) were co-transfected, and the corresponding unnatu-
ral amino acids (Acp or Bzp) were provided in the cell media as indicated. Cell
lysates were analyzed by immunoblot using an antibody against the C-termi-
nal 1D4 epitope of CCR5 (top) and RANTES-induced calcium flux (bottom).
Equal amounts of total protein were analyzed per lane. Calcium flux traces
represent the levels of Fluo-3 fluorescence emitted over time by cells in sus-
pension (44). The addition of RANTES (20 nM) is indicated by arrows. Relative
CCR5 activities and EC50 values for RANTES-induced calcium flux are summa-
rized underneath.

Incorporation of Keto Amino Acids into GPCRs

1530 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 3 • JANUARY 18, 2008

 at R
ockefeller U

niversity Library on A
pril 6, 2008 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/cgi/content/full//DC1
http://www.jbc.org


With rhodopsin, we have shown direct in vitro chemical
labeling of the Acp-containing mutant rhodopsins by fluores-
cein-hydrazide (Fig. 4), which is specific to the keto moiety.
Furthermore, with isolation of 0.5–2�g ofAcp-containing rho-
dopsin from �107 cells, tens of micrograms of specifically
labeled rhodopsins can be prepared routinely, allowing for a
wide variety of biochemical, biophysical, and spectroscopic
studies. The yields of mutant rhodopsins are remarkable for a
membrane protein carrying an unnatural amino acid given the
fact that the only reported yield for a soluble protein (green
fluorescent protein) is in the range of 0.5 �g/107 cells (19).
Additionally, with the generation of appropriate stable cell lines
and use of a bioreactor, it should be possible to generate tens of
milligrams of mutant rhodopsins carrying unnatural amino
acids at specific sites (50).
Chemokine receptors are an exceedingly important sub-class

of GPCRs; certain receptors are involved in cell migration dur-
ing development, mediate inflammation, and act as human
immunodeficiency virus, type 1 co-receptors (38). We pre-
pared six distinct CCR5mutants, with either Acp or Bzp at one
of three positions on the extracellular surface region, and
showed that each of the six CCR5mutants trafficked to the cell
surface. Our aim was to introduce unnatural amino acids at
functionally neutral sites. However, it is interesting that CCR5-
I28Acp and I28BzpdisplayedEC50 values for ligand (RANTES)-
dependent calcium flux that were somewhat lower than wild-

type CCR5. This raises the pos-
sibility that the presence of Acp or
Bzp at position 28 enhances the
affinity for RANTES. In some cases,
we observed a robust calcium flux
signal despite sparing amounts of
mutant CCR5 detected by immuno-
blot analysis. This discrepancy is not
totally unexpected given the fact
that immunoblot analysis detects
the total amount of receptors,
regardless of the functional state,
while the calcium flux assay meas-
ures only the presence of functional
receptors at the plasma membrane
surface. However, it is also possible
that Bzp enhances the interaction of
RANTES with CCR5 directly. The
overall suppression yield for various
CCR5 constructs was exceptional,
up to 60% compared with wild-type
using RANTES-induced calcium
flux as a functional readout (Fig. 3).
At these expression levels, it should
be possible to carry out direct live
cell surface labeling of the ketomoi-
ety on the extracellular surface of a
CCR5 mutant. We are currently
pursuing both in vitro and in vivo
fluorescent labeling approaches.
Also, site-specific incorporation of
p-azido-L-phenylalanine is planned

to test an alternative labeling chemistry involving Staudinger-
Bertozzi ligation (51).
Crystal structures of �2-adrenergic receptor were recently

reported (52–54). In much the same way as the elucidation of
the three-dimensional structure of ribosomes (55–58), trig-
gered a rejuvenation of biochemical and functional studies on
ribosomes and protein synthesis in general, the availability of
these adrenergic receptor structures will provide amajor impe-
tus for additional work on GPCRs and aspects of signal trans-
duction. Although these new structures, together with earlier
crystal structures of rhodopsin, represent an important
advance in understanding the large Type I (rhodopsin-like)
GPCR family, they capture only static snapshots of inverse ago-
nist-bound ground states. Additional biophysical and func-
tional studies will be necessary, for example, to understand how
ligand molecules are recognized specifically (affinity) and how
ligand binding events alter receptor conformational dynamics
to form an active state (efficacy), which can complex with a
heterotrimeric G protein.
We were particularly interested in developing a frame-

work for single-molecule fluorescence studies, which
requires the availability of homogeneously labeled proteins
with labels at one or more sites. Although site-specific cys-
teine/maleimide labeling has been used extensively, the
method is not entirely general. However, we anticipate that a
combination of cysteine labeling and unnatural amino acid

FIGURE 4. Site-specific incorporation of Acp into rhodopsin and in vitro labeling of rhodopsin mutants.
A, UV-visible spectra for purified wild-type (black) and mutant rhodopsin containing Acp (gray) at position
102 were taken in the dark (solid lines) and after photobleaching (dashed lines) as described (39, 46).
Difference spectra (inset) were generated by subtracting the photobleached spectra from the dark spec-
tra. B, in vitro labeling of rhodopsin mutants (rho-Y29Acp, rho-Y102Acp, and rho-Y274Acp) with fluores-
cein-hydrazide. Rhodopsin concentrations were confirmed by difference UV-visible spectra, and the load-
ing volume was normalized to the same amount of rhodopsin based on the 500 nm absorbance
(supplemental Fig. S3). Samples were separated by 12% SDS-PAGE; the fluorescence image was taken with
a Typhoon 9400 Image Scanner using an excitation/emission filter set optimized for fluorescein detection.
C, photobleaching difference spectra of rhodopsins treated with fluorescein hydrazide. 1, rho-Y29Acp; 2,
rho-Y102Acp; 3, rho-Y274Acp; and 4, wild-type. D, stoichiometric ratios of fluorescein/rhodopsin were
determined after normalizing the amount of rhodopsin based on the absorbance at 500 nm. The molar
extinction coefficients used for calculations were 42,000 M

�1cm�1 for rhodopsin and 93,200 M
�1cm�1 for

fluorescein. F/R, fluorescein/rhodopsin molar ratio.
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mutagenesis will provide the basis for discrete double label-
ing of individual receptors with two different fluorophores,
which would facilitate fluorescence resonance energy trans-
fer-based studies. We are currently studying the mechanism
of chemokine ligand binding to CCR5 reconstituted in teth-
ered and oriented membrane systems by single-molecule
fluorescence. We aim to employ CCR5 with fluorescent
labels introduced at specific reactive unnatural amino acid
residues to demonstrate ligand-dependent conformational
changes in the receptor, and in combination with labeled
chemokines, to determine the orientation of the ligand-re-
ceptor complex by fluorescence resonance energy transfer.
The work described in this report highlighting the potential
application of unnatural amino acid mutagenesis to GPCRs
makes such studies possible.
In conclusion, we have optimized and characterized a robust

system for unnatural amino acid mutagenesis and have used it
to introduce Acp and Bzp, two keto-containing amino acids, at
multiple sites in two differentGPCRs.We demonstrate the effi-
ciency of the system by direct functional comparisonwith wild-
type receptors expressed under the same conditions. We fore-
see that combining the unnatural amino acid mutagenesis with
novel labeling chemistries will provide a powerful tool to study
the molecular architecture and ligand-induced conformational
changes in GPCRs and to elucidate their complex cellular traf-
ficking dynamics.
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