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ABSTRACT: The inherent instability of heptahelical G protein-coupled receptors (GPCRs) during purification
and reconstitution is a primary impediment to biophysical studies and to obtaining high-resolution crystal
structures. New approaches to stabilizing receptors during purification and screening reconstitution
procedures are needed. Here we report the development of a novel homogeneous time-resolved fluorescence
assay (HTRF) to quantify properly folded CC-chemokine receptor 5 (CCR5). The assay permits high-
throughput thermal stability measurements of femtomole quantities of CCR5 in detergent and in engineered
nanoscale apolipoprotein-bound bilayer (NABB) particles.We show that recombinantly expressed CCR5 can
be incorporated into NABB particles in high yield, resulting in greater thermal stability compared with that of
CCR5 in a detergent solution. We also demonstrate that binding of CCR5 to the HIV-1 cellular entry
inhibitorsmaraviroc, AD101, CMPD167, and vicriviroc dramatically increases receptor stability. TheHTRF
assay technology reported here is applicable to othermembrane proteins and could greatly facilitate structural
studies of GPCRs.

G protein-coupled receptors (GPCRs)1 constitute a large
family of heptahelical membrane proteins that recognize a broad
array of extracellular ligands and couple to multiple intracellular
signaling pathways (1, 2). Their involvement in the molecular
pathophysiology of a number of diseases has made GPCRs a
major drug target (3). Recent high-resolution structures of
several GPCRs, including rhodopsin, β2-adrenergic receptor,
β1-adrenergic receptor, A2A adenosine receptor, and opsin, have
provided insight into the molecular mechanism of receptor
activation, but further advances are necessary to understand
their physiological function and to enhance drug discovery.
Stabilizing these complex polytopic membrane proteins in puri-
fied and/or defined systems remains the most significant present
challenge for biochemists and structural biologists. Successful
approaches to generating stable GPCRs in detergent solution
include truncations or deletions of disordered regions, insertion
of domains such as T4 lysozyme, formation of a complex with an
antibody Fab fragment, ligand binding, and introduction of a
combination of stabilizing mutations (4). These strategies are

often difficult or impossible to rationalize, and success with one
particular receptor does not guarantee generality.

The study of GPCRs in detergents has limits, even when
stabilizing conditions have been identified. Typically, GPCRs,
with the possible exception of rhodopsin, are only marginally
stable in detergents. Furthermore, the most stabilizing detergents
tend to have a low critical micelle concentration (CMC) and
relatively large micelle size, which can lead to aggregation
phenomena that complicate the interpretation of results (5). In
general, G protein activity is sharply limited by detergent con-
centration, making the study of reconstituted ligand-receptor-
G protein “signalosomes” in solution impractical (6). Nanodisc
technology is an attractive alternative to detergents because of its
defined lipid bilayer (7). We have recently reported the incor-
poration of rhodopsin, a prototypical GPCR, into discoidal
lipoprotein particles called nanoscale apolipoprotein-bound bi-
layers (NABBs) (8). Though incorporation of the β2-adrenergic
receptor and CCR5 into HDL particles has also been recently
reported, further functional characterization and optimization of
reconstitution conditions are necessary (9, 10). For these reasons,
a sensitive, versatile, and high-throughput assay for quantifying
properly folded GPCRs and characterizing their stability would
have significant utility.

We report here a novel homogeneous time-resolved fluores-
cence (HTRF) immunosandwich assay based on the simulta-
neous binding of anti-receptor monoclonal antibodies (mAbs)
labeled with a europium cryptate (EuK) fluorescent donor and a
modified allophycocyanin (XL665) acceptor. The HTRF tech-
nology has previously been applied in monitoring binding of
ligand to GPCRs in cell membranes (11-13). Our HTRF assay
enables high-throughput measurements of the thermal stability
of recombinantly expressed CCR5 in detergents and NABBs
using extremely minute quantities of receptor compared with the
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amount used in existing approaches (14, 15).We show that CCR5
NABBs are more stable than the detergent-solubilized receptor,
suggesting thatNABBs are a viable platform for biochemical and
biophysical study. We also studied the effects of the small
molecule antagonists maraviroc, AD101, CMPD 167, and vicri-
viroc on CCR5 thermal stability. Using the HTRF assay, we
found that the antagonists inhibit binding of 2D7 mAb to its
conformationally sensitive epitope on the EC2 loop to varying
degrees, but none completely. Further, the melting curves
demonstrate that the small molecules confer a striking increase
in CCR5 thermal stability. This suggests that these high-affinity
ligands trap the receptor in a single conformation and prevent
denaturation. The antagonist-CCR5 complexes should be pro-
mising candidates for structural studies.

MATERIALS AND METHODS

Cells, Plasmids, and Reagents. HEK-293T cells were ob-
tained from the American Type Culture Collection (Manassas,
VA). Transfection reagents were obtained from Invitrogen
(Carlsbad, CA). Lipids were obtained from Avanti Polar Lipids
(Alabaster, AL), except cholesterol, which was obtained from
Sigma-Aldrich (St. Louis, MO). Detergents were obtained from
Anatrace, Inc. (Maumee, OH). HTRF reagents were obtained
fromCisbio (Bedford,MA).All time-resolvedFRET assays were
performed on a PerkinElmer EnVision Multilabel Plate Reader.
Buffer N consisted of 20 mM Tris-HCl (pH 7.0), 0.1 M (NH4)2-
SO4, 10% (v/v) glycerol, 0.07% cholesteryl hemisuccinate (CHS),
0.018%1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 0.008%
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), 0.33% n-
dodecyl β-D-maltoside (DM), and 0.33% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS). Buffer E1 con-
sisted of buffer N supplemented with 400 μM 1D5-nonapeptide
corresponding to the engineered C-terminal receptor epitope. Buffer
S consisted of 20 mMTris-HCl (pH 7.0), 100 mM (NH4)2SO4, and
10% (v/v) glycerol. Buffer C consisted of 100 mM phosphate and
150 mM NaCl (pH 7.2). Buffer P consisted of 100 mM phosphate
and 150 mM NaCl (pH 7.5). Buffer E2 consisted of buffer P
supplemented with 200 mM imidazole. Buffer G consisted of 100
mM phosphate, 150 mM NaCl, and 0.5 mg/mL BSA (pH 7.0).
Preparation of Lipids. Lipids were dissolved in chloroform

at a concentration of approximately 100 mg/mL in glass round-
bottom flasks. The solvent was evaporated under a gentle stream
of dry argonwhile the flaskwas rotated, forming a thin lipid film.
The lipids were redissolved in dichloromethane, and the proce-
dure was repeated. The remaining dichloromethanewas removed
under vacuum overnight. The lipid films were then hydrated with
the appropriate detergent-containing buffers, sonicated, and
frozen and thawed in liquid N2 until they were fully solubilized.
Transient Transfection of HEK Cells and Solubilization

of Heterologously Expressed CCR5. HEK-293T cells were
grown inDulbecco’smodified Eagle’smedium (DMEM) [4.5 g/L
glucose and 2 mM glutamine (Gibco)] supplemented with 10%
fetal bovine serum (FBS) (Atlanta Biologicals) at 37 �C in a 5%
CO2 atmosphere. HEK-293T cells were transfected with human
CCR5 cDNA tagged with the C-terminal 1D4 epitope, TETSQ-
VAPA, in pcDNA3.1(þ) using Lipofectamine Plus as previously
described for earlier experiments with rhodopsin (16). Briefly, for
one 10 cm plate, 0.75 mL of prewarmed DMEMwas mixed with
3.5 μg of plasmid DNA. To this was added 10 μL of PLUS
reagent, and the mixture was incubated for 15 min and then
transferred to a separate mixture containing 0.5 mL of DMEM

and 17 μL of Lipofectamine Plus. After another 15 min incuba-
tion, the volume was increased to 4 mL with DMEM and the
mixture added to HEK-293T cells at 70-80% confluence. Four
hours after transfection, an additional 4 mL of DMEM supple-
mented with 20% FBS was added. Cells expressing CCR5 were
harvested 48 h after transfection in PBS buffer containing the
protease inhibitors aprotinin and leupeptin. Cell pellets from
10 cm plates were lysed in 1 mL of buffer N (supplemented with
protease inhibitors) per 5 � 106 cells. After thorough resuspen-
sion, the solution was probe-tip sonicated with 6� 1 s pulses and
incubated for 2 h at 4 �C. The solution was then centrifuged at
20000g for 20min at 4 �C. The supernatant fractionwas collected
and stored at -80 �C until further use.
Immobilization of the 1D4 Monoclonal Antibody. Anti-

rhodopsin antibody 1D4was immobilized on cyanogen bromide-
activated Sepharose 2B (Sigma-Aldrich), a bead-formed agarose-
based gel filtration matrix with 2% agarose content, using
established protocols with slight modifications (17, 18). In a
fume hood, 30 mL of packed Sepharose 2B in a total volume of
60 mL of 2M sodium carbonate buffer (pH 11) was treated with
3 g of CNBr in 3 mL of acetonitrile on an ice bath under gentle
agitation with a suspended magnetic stirrer. The pH of the reac-
tionmixture was kept at 10-11 by titration with 1 NNaOH over
a period of 30 min. The activated beads were washed under suc-
tion four timeswith 50mLof ice-coldwater and twicewith 50mL
of cold coupling buffer [150 mM sodium chloride and 10 mM
sodium borate buffer (pH 8.2)]. Twenty-five milliliters of packed
beads was immediately incubated with 50 mg of 1D4 mAb in a
total volume of coupling buffer of 50 mL with head-over-head
mixing at 4 �C overnight. Finally, the matrix was washed at 4 �C
with 100mL aliquots of phosphate-buffered saline (pH 7.4), once
with 10 mM glycine for 20 min and four times without glycine.
The matrix was stored in the presence of 0.065% sodium azide.
The protein binding was quantitative with 2 mg of antibody/mL
of settled beads, and the resulting binding capacity for rhodopsin
was 0.4 mg/mL, as determined spectrophotometrically using
solubilized rod outer segment disk membranes (8).
Purification of Heterologously Expressed CCR5 and

Incorporation into NABBs. Solubilized lysate from 2 �
10 cm plates was thawed on ice and added to 50 μL of packed
beads of 1D4-Sepharose resin with 2 mg/mL immobilized 1D4
mAb. The lysate/resin mixture was incubated for 16 h at 4 �C.
The resin was transferred to a Micro-Spin column (Pierce),
centrifuged to remove the supernatant fraction, and washed
twice with buffer N. Purified CCR5 was eluted by incubating
the resin with 2� 50 μL of buffer E1 for 30 min. The NABB
mixturewasmade via addition of the combinedCCR5 elutions to
3.75 nmol of purified zap1 prepared as described previously (8),
280 nmol of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), and 22.7 nmol of cholesterol in a total volume of 200 μL
containing 1.5% sodium cholate, 0.33% DM, 15 mM Tris-HCl
(pH7.0), 75mM (NH4)2SO4, and 7.5%glycerol.When desired, a
POPC solution containing 0.5% lissamine rhodadmine B-labeled
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (LRB-DOPE)
was used to allow visualization of NABB elution. After being
vortexed and incubated on ice for 30 min, the mixture was added
to 1mLof PierceDetergentRemovalResin pre-equilibrated with
at least 1 column volume of buffer S. Elution was conducted at
4 �C under gravity flow by addition of buffer S to the column
and collection of 200 μL fractions. Fractions were analyzed for
protein content by monitoring the absorbance at 280 nm.
Protein-containing fractions were pooled and applied to a
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Superose 6 10/300 gel filtration column. Absorbance at 280 nm
(protein) and, when applicable, 570 nm (LRB-DOPE) was
monitored with an in-line detector in the FPLC instrument
(Akta Explorer, GE). Fractions of the peak corresponding to
NABBs were combined and, if necessary, concentrated using an
Amicon Ultra 30 kDa cutoff centrifugal filter device (Millipore).
For the 2D7 immunoprecipitation experiment, CCR5 NABBs
were mixed with Dynabeads Protein G (Invitrogen) with or
without 2D7 mAb (BD Biosciences) according to the manufac-
turer’s protocol. After overnight incubation at 4 �C, the super-
natant fractions were subjected to 1D4 immunoblot analysis as
described below.
Immunoblot Analysis. Samples were resolved by sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (NuPage Novex 4-12% Bis-Tris Gel) and transferred
onto Immobilon, a polyvinylidene difluoride (PVDF) membrane
(Millipore), according to themanufacturer’s protocol. ForCCR5
detection, membranes were probed with primary antibodies
against the engineered 1D4 epitope (National Cell Culture
Center; 1:5000) followed by a horseradish peroxidase (HRP)-
conjugated anti-mouse secondary antibody (Amersham Bio-
sciences GE; 1:10000). For zap1 detection, an R-His6 tag mono-
clonal antibody was used (Sigma; 1:5000) followed by HRP-R-
mouse. Signals were visualized by enhanced chemiluminescence
treatment (Amersham Bioscences GE) and exposed to HyBlot
CL autoradiography film (Denville Scientific, Inc.).
Fluorescein-Maraviroc Binding to Solubilized CCR5.

Solubilized CCR5 lysate from approximately one-fifth of a plate
was incubated with 100 nM fluorescein-labeled maraviroc ana-
logue (FL-maraviroc; generously provided by M. Teintze,
Montana State University, Bozeman, MT) and 12.5 μL of
1D4-Sepharose resin (2 mg of 1D4 mAb/mL of packed resin) for
16 h at 4 �C in the presence and absence of 1 μM unlabeled
maraviroc (Toronto Research Chemicals). The beads were
washed three times with buffer N, and samples were eluted via
incubation of the beads with 1% SDS for 1 h at room tempera-
ture and shaking. Eluted samples were transferred to a black
96-well round-bottom polypropylene microtiter plate (Nunc/
Thermo Fisher Scientific). A serial dilution of FL-maraviroc in
1% SDS was also included for a standard curve. The plate was
read on a Cytofluor II Fluorescence Multiwell Plate Reader
(Perbio Science) with an excitation wavelength of 485 nm and an
emission wavelength of 530 nm. A linear fit of the standard curve
was used to calculate the concentration of FL-maraviroc bound
to the CCR5 lysate. The difference between the values with and
without excess unlabeled maraviroc was used to calculate the
CCR5 concentration with a correction for nonspecific binding of
FL-maraviroc.
Biotinylation of IgG.A20mM sodiumm-periodate solution

was made in 100 mM sodium acetate (pH 5.5) and mixed with an
equal volume of 2mg/mL 1D4mAb in buffer C. Themixturewas
covered in aluminum foil to protect it from light and incubated
for 30 min at 4 �C. The mixture was then dialyzed against buffer
C for 4 h to remove excess periodate. Biocytin-hydrazide (Pierce)
was prepared as a 50 mM stock in DMSO and diluted to a final
concentration of 2.9 mM in the 1D4 solution. The coupling
reaction was allowed to proceed for 3.5 h at room temperature,
and unreactedmaterial was removed by dialysis against buffer C.
To improve the stability of the conjugate, 1D4-biotin was
reducedwith sodium cyanoborohydride in the followingmanner.
A 5 M stock of NaBH3(CN) was prepared in 1 M KOH.
To 200 μL of 1D4-biotin were added 1 mL of buffer C and

12 μL of 5 M NaBH3(CN). The reaction proceeded overnight at
4 �C while the mixture was protected from light, and the mixture
was then dialyzed against buffer C. The biotin:1D4 ratio was
determined to be 0.7 using the Pierce biotin quantitation kit
according to the manufacturer’s protocol. 1D4-biotin was stored
at 4 �C with 0.02% NaN3.
Solid-Phase Labeling of IgG with Europium Cryptate.

Ni-NTAmagnetic agarose beads (QIAGEN; 200 μL, 5% slurry)
were washed with 1 mL of buffer P. 2D7 mAb (100 μg, 1.3 nmol)
was bound to beads via incubation for 30 min at room tempera-
ture with shaking. In all solid-phase reactions, 0.0037% (w/v)
DM was added to facilitate mixing. The beads were spun down,
and the tubewas placed on amagnetic rack to ease removal of the
supernatant fraction. The antibody was activated via addition of
2 μL of 3.75 mM sulfo-SMCC (Pierce; 7.5 nmol, 5.6 equiv) and
shaking for 60 min at room temperature. In a separate reaction,
3.68 μL of 0.68 mM europium trisbipyridine diamino cryptate
(EuK) (Cisbio; 2.5 nmol), 0.67 μL of 0.5 M sodium borate
(pH 8.2), 1.32 μL of 1 M NaF, and 0.67 μL of 7.58 mM SPDP
(Pierce; 5.0 nmol, 2 equiv) were mixed for 60 min at room tem-
perature with shaking. The EuK-SPDP reactionwas stopped by
addition of 0.67 μL of 7.58 mM Tris. SPDP was reduced via
addition of 0.67 μL of 8.27 mM TCEP and mixing for 15 min.
The activated EuK was added to activated IgG and mixed
overnight at 4 �C. The conjugation reaction was stopped with
1 μL of 80 mM N-acetylcysteine. The beads were washed twice
with 1 mL of buffer P. IgGwas eluted with two 50 μL volumes of
buffer E2 for 30min each. Combined elutionswere supplemented
with 0.5 mg/mL bovine serum albumin (BSA) and run on a
Superdex 200 10/300 GL gel filtration column in buffer G.
Absorbance was monitored at 280 and 305 nm for protein and
EuK content, respectively. 2D7-EuK was stored at 4 �C with
0.01% thiomersal.
HTRF Assay for Quantifying Folded CCR5. All HTRF

assays were conducted with the appropriate buffer supplemented
with 50mMNaF and 1mg/mLBSA. Biotinylated 1D4mAbwas
mixed with streptavidin-XL665 (SA-XL665) (Cisbio) for 15 min
on ice at a final concentration of 128 nM. To this was added an
equal volume of 8 nM EuK-labeled 2D7 mAb (2D7-EuK). For
each well of the experiment, 20 μL of this mixture was added to a
black bottom 384-well microplate (Greiner). Solubilized CCR5
or CCR5 in NABBs was added to a final volume of 40 μL. The
final concentrations of labeled assay components were as follows:
32 nM 1D4-biotin, 32 nM SA-XL665, and 2 nM 2D7-EuK. In
competition experiments, CCR5 was preincubated with com-
petitors for 30 min on ice prior to addition to fluorescently
labeled components in the 384-well plate. To obtain the
maximal signal, we incubated the plate overnight at 4 �C.
Dual-channel fluorescence was measured with excitation at
320 nm and emission collection in ten 200 μs windows at
615 and 665 nm. An acceptable signal-to-background ratio
was achieved with 5000 flashes per well. Emission counts were
summed over all windows except the first, and the F665/F615

ratio was used as a normalized measure of sensitized emission.
As an assay-to-assay control, signal enhancement ΔF was
calculated:

ΔF ¼ F665, sample

F615, sample
-
F665, negative

F615, negative

 !
=F665, negative

F615, negative
ð1Þ

where the negative control values are obtained from the mixed
labeled components in the absence of receptor.
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CCR5 Thermal Stability Measurements Using HTRF.
Detergent-solubilized CCR5 or CCR5 NABBs were diluted to a
concentration within the dynamic range of the HTRF assay, and
11 μL aliquots were added to polymerase chain reaction (PCR)
tubes. For experiments testing the stabilizing effects of the small
molecule antagonists maraviroc, AD101, CMPD 167, and vicri-
viroc, the receptor was preincubated with 8 μM ligand for 1 h on
ice before the next step. The CCR5-containing tubes were
transferred to a Multigene Gradient Thermal Cycler (Labnet
International, Inc.). The thermal cycler was set up to apply a
gradient of temperatures across a row of the heating block for
30 min, followed by cooling to 4 �C. Each sample was diluted by a
factor of 2 in the appropriate buffer, and 20 μL of the heat-treated
material was added to each well of a 384-well microplate contain-
ing 20 μL of the fluorescently labeled components.
Modeling Thermal Denaturation of CCR5 and CCR5-

Ligand Complexes. Denaturation of unliganded CCR5 in
detergent solution and NABBs was modeled as a simple first-
order process.

½unliganded; folded� sf
k ½unfolded� ð2Þ

TheHTRF signalΔF is the sumof contributions from folded and
unfolded receptor with appropriate scaling factors.

ΔF ¼ R1½unliganded; folded� þR2½unfolded� ð3Þ
Because denatured receptor does not bind 2D7-EuK, R2 was set
to zero. The signal is then

ΔF ¼ R1e
- kt ð4Þ

with

k ¼ Ae-Ea=RT ð5Þ

The curve was fit with parameters R1, A, and Ea; TM was defined
as the temperature at which one-half of the receptor is unfolded.
The time of incubation is designated as t. The temperature of
incubation, T, was specified in kelvin.

Melting of CCR5-ligand complexes was modeled similarly,
but as a two-step sequence with a first-order reaction describing
the irreversible conversion of the “loose” and “tight” binding
states and a second irreversible denaturation step from the tight
state. This model assumes that no unliganded receptor exists in
the system,which is likely to be true because of the high affinity of
the antagonists tested.

½liganded; loose; folded� sf
k1 ½liganded; tight; folded� sf

k2 ½unfolded�
ð6Þ

The HTRF signal in this system is the sum of contributions from
these three species.

ΔF ¼ R1½liganded; loose; folded� þR2½liganded; tight; folded�
þR3½unfolded� ð7Þ

Again, the scaling factor for unfolded receptor, R3, was set to
zero, making the total signal

ΔF ¼ R1e
- k1t þR2

k1

k2 - k1
ðe- k1t - e- k2tÞ

� �

FIGURE 1: (A) Scheme depicting the strategy for synthesizing EuK-labeled 2D7 mAb (9). EuK (1) is activated by addition of a sulfhydryl by
reactionwithSPDP (2) and reduction byTCEP (top). Separately, 2D7mAb (6) is immobilized onNi-NTAresin and reactedwith sulfo-SMCC(7)
to generate a maleimide derivative (8). A crystal structure of IgG [Protein Data Bank (PDB) entry 1IGY] is shown as a model. The two activated
reagents are combined, and labeled 2D7 is eluted from the resin with imidazole. (B) Size-exclusion chromatography with monitoring of
absorbance at 280 nm (blue, protein) and 305 nm (red, EuK) to determine the yield and labeling ratio (left). Coomassie blue-stained nonreducing
SDS-polyacrylamide gel electrophoresis showing a single bandof the intact 2D7-EuKafter labeling (right).Note the impurities of the initial 2D7
sample have been largely removed by the procedure.
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with

k1 ¼ A1e
-Ea, 1=RT ð8Þ

k2 ¼ A2e
-Ea, 2=RT ð9Þ

The curve was fit with parameters R1, A1, Ea,1, R2, A2, and Ea,2;
TM was defined as the temperature at which one-half of the
receptor is unfolded. It is important to note that these models
assume that the conversion from the loosely to the tightly bound
state and the denaturation are irreversible processes. Moreover,
we restrict our interpretation of the model to a single derived
parameter, the apparent melting temperature, TM.

RESULTS

Solid-Phase Labeling of IgG with EuK.We first developed
a solid-phase strategy to label directly 2D7 mAb with EuK.
Magnetic Ni-NTA beads were used to immobilize 2D7 by
binding to a histidine-rich region of the Fc stem, permitting
efficient wash and elution steps. 2D7-EuKwas then prepared in a
three-step reaction scheme (Figure 1A).We found that activating
2D7 with SPDP, as previously reported, resulted in significant
reduction of IgG disulfide linkages after addition of TCEP (data
not shown) (19, 20). To avoid this problem, we inverted the
activation steps, reacting 2D7 with sulfo-SMCC and EuK with
SPDP. The reduction step was thus conducted in the absence of
antibody, resulting in minimal antibody fragmentation as shown
by comparing labeled 2D7 to starting material on a Coomassie
Blue-stained SDS-PAGE gel (Figure 1B, right).

After labeled 2D7 had been eluted from the magnetic beads,
the sample was purified by gel filtration chromatography
(Figure 1B, left). Absorbance was monitored at 280 nm
(protein) and 305 nm (EuK). Using the integrated absorbance
peaks and known molar extinction coefficients (21), the labeling
ratio was estimated to be 1.3 EuK/IgG. The main peak in the
chromatogram is monomeric 2D7-EuK. Dimeric 2D7 elutes
slightly earlier, and the right shoulder of the peak is likely to
represent small quantities of antibody fragments. EuK fluores-
cence at 615 nmwasmeasured for each column fraction (data not
shown); the profile was fit to three Gaussian peaks, and fractions
determined most likely to contain monomer were pooled. The
recovery of 2D7-EuK was >30 μg from the 100 μg of 2D7
starting material, with monomeric IgG constituting an estimated
90% of the protein content. Including bovine serum albumin
(BSA) as a carrier protein during the size exclusion chromatog-
raphy purification step contributed significantly to the high yield
of the labeled antibody.
Characterization of the HTRF Assay with Solubilized

CCR5. CCR5 was heterologously expressed in transiently
transfected HEK-293T cells and solubilized in a detergent-
containing buffer previously shown to preserve proper CCR5
folding (22). We estimated the total receptor concentration by
incubating CCR5 with a saturating amount of a fluorescein-
derivatized maraviroc analogue (FL-maraviroc). CCR5 was
immunoprecipitated on 1D4-Sepharose beads, and the amount
of receptor was calculated by comparing the fluorescent signal in
the elution to a FL-maraviroc standard curve (Figure S1 of the
Supporting Information). Using this method, the concentration
of CCR5 in cell lysate was estimated to be 13.9 ( 0.2 nM. This
concentration represents a lower bound, though we assume that
all folded receptor can bind the high-affinity ligand.

The HTRF assay relies on simultaneous binding of 2D7-EuK
and 1D4-biotin to CCR5, and 1D4-biotin binding to SA-XL665
(Figure 2A). Preliminary optimization experiments demon-
strated that the maximal signal was achieved with an excess of
1D4-biotin and SA-XL665 compared to 2D7-EuK. For signal
reproducibility, the assay mixtures were incubated overnight at
4 �C before fluorescence was read. The assay was characterized
using negative controls without the labeled antibodies
(Figure 2B). 1D4-biotin/SA-XL665 in the absence of a fluores-
cent donor results in minimal counts at 615 nm and some
emission at 665 nm. 2D7-EuK in the absence of the acceptor
complex gives a strong signal at 615 nm and less emission at 665
nm than XL665. The standard negative control was a mixture of
1D4-biotin, SA-XL665, and 2D7-EuK. Under these conditions,
the 615 nm signal was roughly the same as 2D7-EuK alone, and
the 665 nm signal was only slightly stronger than that from 1D4-
biotin/SA-XL665 only. This result suggests minimal sensitized
emission of XL665 in the absence of CCR5. The CCR5-specific
signal manifests as a decrease in 615 nm fluorescence and an
increase in 665 nm fluorescence as the FRET donor and acceptor
are brought into proximity by binding receptor.

FIGURE 2: (A) HTRF sandwich immunoassay schematic. A hypo-
thetical model of CCR5 based on the crystal structure of rhodopsin
(PDB entry 1U19) is shown. 2D7-EuK recognizes a conformation-
sensitive split epitope on the extracellular side of CCR5. Biotinylated
1D4 (1D4-biot) binds an engineered nine-residue C-terminal epitope
(red) and is linked to streptavidin-conjugated XL665. FRET is
observed between EuK and XL665 when 2D7 binds properly folded
CCR5. The F€orster radius for this donor-acceptor pair is approxi-
mately 95 Å. (B) Assay controls with fluorescence counts at 615 nm
(blue) and665nm(red) after excitationat 320nm.TheCCR5-specific
signal is seen as an increase at 665 nm and a decrease at 615 nm.
(C) Serial dilution of CCR5 showing the dynamic range of the assay.
The signal is saturated at ∼200% enhancement over background.
ΔF is defined as (F665,sample/F615,sample - F665,negative/F615,negative)/
F665,negative/F665,negative. (D-F) Competition experiments with the
1D5 nonapeptide (D), 1D4mAb (E), and 2D7mAb (F) demonstrate
signal specificity. The apparent IC50 values are 130, 2.7, and 0.79 nM
for the three competitors, respectively.
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Measurements with a serial dilution of the solubilized lysate
containing CCR5 revealed the dynamic range of the assay
(Figure 2C). A characteristic linear range precedes signal satura-
tion near 200% over background at high concentrations. The
measurement errors are approximately 2% of the background
signal as determined by standard error propagation. Using the
FL-maraviroc binding experiment for calibration, an estimated
0.02-1.0 nMCCR5 can be effectively quantified. In a volume of
40 μL, this corresponds to 0.8-40 fmol of receptor. Signal
saturation near 2 nM, the concentration of 2D7-EuK, suggests
that this antibody has a high affinity compared to the concentra-
tions involved. In subsequent experiments, receptor concentra-
tions near themiddle of the dynamic range were used tominimize
measurement errors.

The specificity of the HTRF signal for CCR5 epitopes was
demonstrated in competition experiments. CCR5 was prein-
cubated with a serial dilution of TETSQVAPA nonapeptide
(“1D5”), 1D4, and 2D7 (Figure 2D-F). 1D5-nonapeptide
corresponds to the engineered C-terminal epitope on the recep-
tor. These competition data were fit to a sigmoidal curve. Signal
enhancement ΔF was normalized to the end points at 0%
inhibition and 100% inhibition. The calculated IC50 values for
1D5, 1D4, and 2D7 were 130, 2.7, and 0.79 nM, respectively. The
IC50 values of 1D4 and 2D7 are lower than the concentrations of
1D4-biotin and 2D7-EuK in the assay, suggesting that the labeled
antibodies may have slightly reduced binding capacity and/or
affinity. Having shown the specificity of the signal, we next
focused on applying the assay technology to the problem of
CCR5 reconstitution.
Optimizing Microincorporation of CCR5 into NABBs

using HTRF.We have previously reported the incorporation of
rod outer segment bovine rhodopsin into NABB particles (8).
Unlike rhodopsin, CCR5 cannot be purified in large quantities
from natural sources, so we employed a microscale approach to
optimize a procedure to reconstitute functionally expressed
CCR5 in NABBs. The general procedure is outlined in Figure S2
of the Supporting Information. Recombinantly expressed CCR5
was immunopurified from the solubilized lysate using 1D4-

Sepharose beads. After several washing steps, receptor was eluted
by addition of 1D5-nonapeptide. Roughly one-half of the
receptor is lost in this purification step because of incomplete
elution from the beads. [Elution is also the theoretical limiting
step in rhodopsin purification using 1D4-Sepharose beads (T. P.
Sakmar, unpublished observation)] The NABB assembly mix-
ture was formed bymixing purified zebrafish Apo-A1 (zap1) and
lipids at a molar ratio of 1:75, which we showed yields 10-12 nm
diameter disks in our earlier rhodopsin NABB study (8). Purified
CCR5 elution was added to this mixture and, after incubation on
ice, applied to a detergent-removal resin. NABBs were eluted
under gravity flow by addition of detergent-free buffer, and
fractions were collected. Protein-containing fractions were deter-
mined by measurement of 280 nm absorbance and pooled.

The combined elutions were run on a gel filtration column for
characterization and purification (Figure 3A). Co-elution of
protein and lipids was monitored by measuring absorption
at 280 and 570 nm, which detected rhodamine-DOPE-labeled
POPC. Immunoblots showed the relative content of CCR5 (1D4
mAb detection) and zap1 (R-His6 mAb detection) in each
fraction. The majority of the CCR5 NABBs elute at 15.6 mL
in the shoulder of the first peak, which is centered at ∼16.1 mL.
The second peak, at∼17 mL, contains mainly empty NABBs. In
our previous study of rhodopsin NABBs reconstituted at a
similar ratio, we also observed that the receptor-containing
NABBs elute ∼0.5 mL earlier than the majority of empty
NABBs.Note that the ratio ofCCR5 toNABBs is approximately
1:100. This strategy reduces the likelihood of incorporating more
than one receptor per NABB and guarantees a relatively homo-
geneous CCR5 NABB preparation. Free zap1, which elutes at
∼18.6 mL (Figure 3A, inset), likely constitutes the right peak
shoulder that is rather lipid-poor as judged by the 570 nm
absorbance. The CCR5 NABBs were mixed with Protein G
beads with (left) and without (right) 2D7, and the supernatant
fractions were subjected to 1D4 immunoblot analysis (Figure
3B). The near-quantitative immunoprecipitation of CCR5
NABBs with the conformationally sensitive 2D7 antibody sug-
gests that most of the receptor is properly folded.

FIGURE 3: (A) Chromatogram showing coelution of the protein (blue, 280 nm) and fluorescent lipids (red, 570 nm). The 1D4 immunoblot below
shows that CCR5NABBs elute in the peak centered at 15.6mL, exhibiting a larger hydrodynamic radius than the majority of the NABBs at 16.1
and 17.0 mL. The anti-His6 blot detects His-tagged zap1 belt protein. Free zap1 elutes at 18.6mL (inset). (B) CCR5NABBs were incubated with
Protein G beads and 2D7, and the supernatant fraction was probed with a 1D4 immunoblot. The majority of CCR5 in NABBs is
immunoprecipitated by 2D7, indicating the properly folded receptor. (C) HTRF signal from a serial dilution of CCR5 NABBs, demonstrating
the ability to quantify properly foldedCCR5 inNABBs. (D) TheHTRF signal is efficiently competed with 1 μM1D4, showing signal specificity.
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The HTRF assay was used in conjunction with gel filtration
chromatography and immunoblot analysis to facilitate optimiza-
tion of preparation conditions. The HTRF assay complements
immunoblots because it reports on receptor folding, not just the
total amount of receptor protein. Moreover, the HTRF assay is
much more quantitative and reproducible. 2D7-EuK and 1D4-
biotin bind to CCR5 in NABBs, resulting in a dynamic range for
the HTRF assay as with the detergent-solubilized receptor
(Figure 3C). Competition with 1 μM 1D4 ablates the signal,
demonstrating signal specificity as in detergent solution
(Figure 3D).Assay conditionswere identical to those in detergent
experiments, except that phosphate-buffered saline (PBS) was
used as the starting buffer.

Using the HTRF signal as a guide, we screened a number of
conditions for optimal formation of CCR5 NABBs containing
correctly folded receptor. Variables included changing the de-
tergents used, the zap1:lipid ratio, the lipid composition, and the
detergent-removal resin elution buffer. We found that several
factors were particularly important for optimal CCR5 recovery.
Elution of CCR5 from 1D4-Sepharose beads in buffer N and
inclusion of 0.3% (w/v) n-dodecyl β-D-maltopyranoside (DM) in
the final NABB mixture enhanced stability. Notably, the deter-
gent removal resin adequately extracted DM despite its low
CMC. Including cholesterol at a cholesterol:POPCmolar ratio of
7.5:92.5 also improved CCR5 incorporation. Finally, equilibrat-
ing and eluting from the detergent removal resin with buffer S,
20 mM Tris-HCl (pH 7.0), 0.1 M (NH4)2SO4, and 10% (v/v)
glycerol further increased recovery. Comparing the HTRF signal

from CCR5 NABBs to that of the solubilized CCR5 starting
material, the overall yield of correctly folded receptor in the
optimized procedure was>15%. This estimate likely represents a
lower bound because the NABB might prevent head-to-tail
donor-acceptor interactions that theoretically may cause a
reduction in the donor-acceptor distance and an increase in
HTRF signal intensity in detergent. Indeed, it appears that the
HTRF signal at a saturating concentration of CCR5 NABBs is
weaker than themaximal signal in detergent solution (Figures 2C
and 3C).
High-Throughput Thermal Stability Measurements of

CCR5. Thermal stability is a crucial indicator of receptor
tractability outside of its native membrane environment. We
adapted the HTRF assay to measure CCR5 thermal stability
under a variety of conditions. In short, a range of temperatures
was applied to CCR5 aliquots for 30 min, and then the samples
were cooled to 4 �C and added to the microplate containing the
labeled 1D4 and 2D7 FRET pair. Plotting the ratio of the
fluorescence signal as a function of temperature generates
thermal denaturation or melting curves (Figure 4). Receptor
denaturation and subsequent loss of 2D7-EuK binding presum-
ably cause this loss of signal. It is important to note that these
experiments probe the kinetics of receptor denaturation rather
than the equilibrium distribution. The denaturation wasmodeled
as an irreversible first-order process, and the data were fit using
nonlinear regression analysis. The melting temperature (TM) is
defined as the point at which 50% (calculated) of the receptor is
unfolded (seeMaterials andMethods for a description of models

FIGURE 4: HTRF assay applied to take high-throughput thermal stability measurements with femtomole quantities of CCR5. A range of
temperatureswasused for detergent-solubilizedCCR5orCCR5NABBsbefore the additionof labeledHTRFcomponents in a 384-well plate. (A)
Melting curves of unligandedCCR5 (black) andCCR5preincubatedwith the smallmolecule antagonistmaraviroc (red).Maraviroc shifts theTM

of detergent-solubilized CCR5 from 47.1 to 66.0 �C (rightward-pointing arrow) and appears to display a two-step binding profile. The first
ligand-receptor state reduces the accessibility of the 2D7 epitope on the EC2 loop compared with that of the unliganded receptor (downward-
pointing arrow). The second ligand-receptor state results in a stronger HTRF signal (upward-pointing arrow). (B) Thermal denaturation of
CCR5-ligand complexes. CCR5 was preincubated with maraviroc (red), AD101 (green), vicriviroc (blue), and CMPD 167 (cyan). All of these
antagonists appear to have two binding states. The calculated TM values for maraviroc, AD101, vicriviroc, and CMPD 167 are 66.0, 59.9, 59.5,
and 62.7 �C, respectively. The unliganded receptor, which melts at a lower temperature, is shown as a black dashed line for reference. (C)
Molecular structures of theCCR5antagonists tested. (D)Melting curve ofCCR5NABBs.The assemblydenatures at 54.5 �C.CCR5NABBsmelt
over a much broader range than CCR5 in detergent solution, suggesting some sample heterogeneity or a distinct denaturation pathway.
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and curve fits). Because the process is kinetically controlled, the
apparent TM is dependent on the time of heat treatment. For
further discussion of this subject, please see the Supporting
Information.

The thermal stability of CCR5 was measured in the presence
and absence of high-affinity small molecule receptor ligands.
CCR5 solubilized in buffer N has a TM of 47.1 ( 0.6 �C
(Figure 4A, black). Preincubation ofCCR5with 8μMmaraviroc,
AD101, CMPD 167, or vicriviroc before the application
of heat conferred a significant increase in thermal stability
(Figure 4A,B). Maraviroc stabilizes CCR5 to the greatest extent,
shifting the TM to 66.0( 0.3 �C (Figure 4A, red). The TM values
for AD101, CMPD 167, and vicriviroc are 59.9( 1.0, 62.7( 2.3,
and 59.5 ( 1.4 �C, respectively (Figure 4B). Another interesting
effect of these ligands is the reduction of the level of 2D7-EuK
binding. Preincubation with all ligands results in a decrease in the
magnitude of the HTRF signal, but to varying degrees. This
indicates that antagonist binding reduces the accessibility of the
2D7 epitope on the EC2 loop, consistent with earlier work (23).
In addition, each of these melting curves displays an increase in
the signal near 50 �C before complete loss due to denaturation.
This profile suggests that at least two distinct binding statesmight
be involved in the antagonist-CCR5 interaction, with the
“slower” being more amenable to 2D7 binding. These ligand-
CCR5 denaturation curves were modeled as a sequence of two
irreversible first-order processes. It is interesting that the conver-
sion of the two inhibitor-bound conformations occurs around the
temperature at which the empty receptor is denatured. The
molecular structures of the antagonists tested are shown in
Figure 4C.

Similar measurements were taken for CCR5 NABBs
(Figure 4D). There are several notable features of the CCR5
NABB melting curve. The TM shifts to 54.5( 3.4 �C, suggesting
that incorporation into the native membranelike environment of
NABBs improves the thermal stability of CCR5. Interestingly,
the dramatic shift in melting temperature after preincubation
with maraviroc is not observed for CCR5 NABBs (data not
shown). In addition, the temperature range over which the
magnitude of the signal decreases is significantly broadened
comparedwith that of solubilizedCCR5, suggesting some sample
heterogeneity or a lower activation energy associated with
denaturation.

DISCUSSION

CCR5 is an important class A (rhodopsin-like) GPCRbecause
of its role as a primary HIV-1 coreceptor (24, 25). Its natural
ligands, including MIP-1R, MIP-1β, and RANTES, are potent
inhibitors of HIV infection, and a number of small molecule
antagonists that block HIV entry have been reported (26, 27).
Detailed molecular studies of purified CCR5 are important for
understanding its biological function, role in HIV entry, and
mode of binding to pharmacological agents, but its high lability
in solution makes it a particularly challenging target. Some
progress has been made, as detergent conditions that maintain
proper CCR5 folding for several hours have been identi-
fied (22, 28). These reports use binding of the well-characterized
conformationally sensitive 2D7 mAb as a reporter for receptor
folding and integrity (29-31).

GPCRs are notoriously difficult to stabilize in a purified
system. This challenge is amplified when the receptors cannot
be expressed at high levels, as with CCR5. We estimate that 1 μg

of CCR5 can be obtained from one 10 cm plate of transfected
HEK cells, so an extremely sensitive quantitative assay is desir-
able. Ideally, this assay should also be capable of high throughput
so that a large number of potentially stabilizing conditions can be
screened in parallel. We decided on a strategy of HTRF, with
fluorescently labeled antibodies forming an immunosandwich on
distinct epitopes of CCR5. The key reporter is binding of EuK-
labeled 2D7 mAb, which binds to the conformationally sensitive
split epitopeQKEGL-TLon theEC2 loopof the receptor (32,33).

HTRF occurs when a EuK fluorescent donor is brought into
the proximity of a modified allophycocyanin (XL665) accep-
tor (34, 35). The dual-wavelength detection of donor (615 nm)
and acceptor (665 nm) fluorescence after EuK excitation at
320 nm results in a specific signal with excellent well-to-well
reproducibility and internal correction for inner filter effects
(34, 35). The signal is time-resolved because of the exceptionally
long flourescence lifetime of EuK, reducing the contribution
from autofluorescence. The EuK-XL665 FRET pair also has an
unusually large F€orster radius, approximately 95 Å (34, 36),
which permits the transfer of resonance energy from the extra-
cellular to intracellular side of the receptor. The 2D7 mAb was
directly labeled with EuK to maximize sensitivity. We developed
an efficient solid-phase microlabeling strategy for this conjuga-
tion, permitting reaction with quantities of antibody and EuK
label much smaller than those previously reported (19, 20, 37).
This procedure resulted in high yields and can be generalized to
any IgG molecule or His-tagged protein. This method is parti-
cularly advantageous when the labels or antibodies are expensive
and a small reaction scale is desired. Biotinylated 1D4 mAb,
which recognizes the engineered C-terminal epitope TETSQVA-
PA, binds streptavidin-XL665 (SA-XL665) to complete the
immunosandwich. This assay is capable of detecting ∼1 fmol
of correctly folded CCR5 in a single 384-microtiter plate well.

The assay is also more informative than immunoblots, as it
reports on the quality of the receptor as well as the quantity.
Unlike surface plasmon resonance (SPR), conditions can be
screened without the need for a common binding buffer and
the time-consuming microchip regeneration step. If automated,
the HTRF approach described herein combines high-throughput
capability and sensitivity at a level exceeding even the best
available SPR equipment, which is also more expensive (38).

The assay capabilities enabled optimization of incorporation
of CCR5 into NABBs, and the best procedure results in a >15%
overall yield of folded receptor with the majority of the receptor
able to bind 2D7. Because the expression, purification, and
NABB formation steps can be scaled, adequate quantities of
CCR5 NABBs for structural and biochemical studies should be
attainable, especially using inducible suspension-adapted stable
cell lines or Sf9 insect cells. The defined lipid bilayer of NABBs
could be a particularly attractive platform for single-molecule
studies of receptor activation, possibly in combination with
microfluidics approaches, because GPCR aggregation pheno-
mena endemic to detergents are of less concern (39).

Most auspiciously, the HTRF assay permits high-throughput
measurements of CCR5 thermal stability with small amounts of
material. These experiments are crucial for determining conditions
suitable for structural studies. Because CCR5 retained proper
folding in the optimal detergent/lipidmixture even after being heated
at>40 �C for 30 min, the solubilized receptor might be more stable
than previously thought. Preincubation with small molecule CCR5
antagonists resulted in a marked shift of the TM to 59-66 �C.
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The antagonists maraviroc (40), AD101 (41), CMPD
167 (42), and vicriviroc (43) block interaction of CCR5 with
the HIV envelope glycoprotein gp120 and demonstrate high
antiviral potency. Maraviroc, in particular, has proven to be a
promising adjuvant anti-HIV drug. Key residues in the trans-
membrane domains that are required for antagonist binding
have been identified, but precisely how gp120 inhibition occurs
remains unknown (44, 45). The melting curves generated
(Figure 4) demonstrate that ligand-receptor complexes under
optimized conditions could be sufficiently stable for high-
temperature NMR or crystallization studies. The profiles also
shed some light on the binding dynamics of these antagonists,
which appear to consist of two steps. The first state, with a
decreased HTRF signal, could be due to slightly decreased
2D7-EuK affinity or an alteration of the antibody binding
orientation that results in a longer donor-acceptor distance.
The second state, characterized by a notable rise, seems to
more closely resemble CCR5 in the absence of antagonist.
Interestingly, the four antagonists tested inhibit 2D7-EuK
binding to varying extents. The fact that maraviroc has the
smallest effect on 2D7 binding might prove useful for combi-
nation therapy with CCR5-based vaccines or therapeutic anti-
CCR5 antibodies.

Incorporation of CCR5 into NABBs also confers im-
proved thermal stability to CCR5. Surprisingly, the lipid
composition of the bilayer or preincubation of CCR5 with
maraviroc did not significantly change the melting profile
(data not shown). In contrast, rhodopsin in NABBs exhibits
the high thermal stability of the inverse agonist-bound state
in membranes (8).

In summary, we report a rapid and highly efficient solid-phase
method for labeling IgG with EuK, and we used the labeled IgG
to establish an HTRF method for sensitive and high-throughput
quantification of CCR5. The extension of the methodology to
other GPCRs is limited only by the availability of suitable
antibodies. Such mAbs have already been produced for CXCR4
(46) and the 5-hydroxytryptamine (5HT) receptor (47). The assay
enables optimization and characterization of GPCR reconstitu-
tion procedures that would otherwise be extremely burdensome
or expensive. Thermal stability measurements of CCR5 and
other GPCRs under a variety of conditions could greatly facil-
itate structural studies. We show, for example, that maraviroc,
AD101, CMPD 167, and vicriviroc greatly enhance the thermal
stability of CCR5 in detergent solution. In addition, these
experiments provide some insight into the dynamics of antagonist
binding, which could be therapeutically valuable for a highly
targeted receptor like CCR5.
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