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ABSTRACT: G protein-coupled receptors (GPCRs) constitute the largest family of integral membrane proteins
present in all eukaryotic cells, yet relatively little information about their structure, folding, and stability has
been published. In this work, we describe several approaches to characterizing the conformational stability of
the human adenosine A,a receptor (hA,aR). Thermal denaturation and chemical denaturation were not
reversible, yet clear differences in the unfolding behavior were observed upon ligand binding via circular
dichroism and fluorescence spectrometry. We found that the stability of hA,aR was increased upon
incubation with the agonist N°-cyclohexyladenosine or the antagonist theophylline. When extracellular
disulfide bonds were reduced with a chemical reducing agent, the ligand binding activity decreased by
~40%, but reduction of these bonds did not compromise the unfolding transition observed via urea
denaturation. Overall, these approaches offer a general strategy for characterizing the effect of surfactant

and ligand effects on the stability of GPCRs.

Members of the family of membrane proteins classified as G
protein-coupled receptors (GPCRs)' are among the most desir-
able targets for pharmaceutical development because of their
predominant role in cellular signaling (/). All GPCRs are integral
membrane proteins that are characterized by their seven o-helical
transmembrane domains and their ability to initiate intracellular
signaling via trimeric G protein activation following ligand
binding.

GPCRs play critical roles in several diseases, yet the structural
biology of these proteins remains poorly characterized, limiting
progress toward the rational design of pharmaceuticals (2).
Currently, four high-resolution structures (rhodopsin, ; adren-
ergic, f, adrenergic, and adenosine Aja receptors) have been
determined from this ~800-member GPCR superfamily, provid-
ing some insight into the conserved structural features within this
complex protein family (3—6). Although these recently deter-
mined structures are significant steps toward an understanding of
GPCR structure—function relationships, more information is
needed before such data can be readily translated into the design
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of effective therapeutics, in part because only the inactive states
of the receptors were resolved, with the exception of rhodopsin.
In the case of the human adenosine A»a receptor (hA,aR) crystal
structure, a C-terminal truncation (A317) and the substitution of
T4 lysozyme for intracellular loop 3 were used to facilitate crystal-
lization (4); this variant lacks some key interactions, such as
G protein coupling and native agonist preferences, but has been
of valueinidentifying antagonist leads in virtual screening (4, 7, 8).
Structural analysis of GPCRs in more dynamic physiological
conformations or with a variety of ligands will help address issues
pertaining to ligand specificity and reveal critical interactions that
underlie receptor function for individual GPCRs.

In our lab, we have readily expressed and purified 6—10 mg/L
full-length hA»aR in an active ligand-binding form from a yeast
expression system (9—13), facilitating our studies. Using this
purified receptor, we have employed several biophysical tech-
niques to elucidate the effects of agonist and antagonist molecules
on the stability of hA»aR. Also, with the discovery of an unusually
high number of disulfide bonds identified during crystallo-
graphy (4), we hypothesized that hA,aR stability might be sensitive
not only to ligand association but also to the presence of critical
extracellular disulfide bonds.

Analysis of this receptor may serve as a basis for more broadly
clarifying critical aspects of receptor stability within the GPCR
superfamily. In addition, identification of conditions that pro-
mote the conformational stability of full-length hAaR should
facilitate crystallography and characterization of active state
conformations.

EXPERIMENTAL PROCEDURES

Expression and Purification of hA>aR-His . A vacuolar
protease-deficient strain of Saccharomyces cerevisiae, BJ5464
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(MATa ura3-52 trpl leu2Al hisA200 pep::HIS3 prbA1.6R canl
GAL), containing the multi-integrating pITy-hA,aR-His;, plas-
mid was used for overexpression and purification of hA,aR-Hisy
as described previously (12). Specific radioligand binding is
readily detectable for hA,aR-His;q localized within the yeast
plasma membrane prior to solubilization (12, 13) and corre-
sponds to the affinity preferences observed for native hA,aR (9).
After purification and buffer exchange, purified hA,aR-Hisy
was reconstituted in mixed micelles consisting of 0.1% dodecyl
p-p-maltoside (DDM), 0.1% 3-(3-cholamidopropyl)dimethyl-
ammoniopropane sulfonate (CHAPS), and 0.02% cholesteryl
hemisuccinate (CHS) (Anatrace, Maumee, OH) in 50 mM
sodium phosphate buffer (pH 7.0), which has been shown to
promote activity of reconstituted hA,aR in vitro (/2).

Prior to biophysical measurements, UV—vis spectra for each
protein sample were recorded (230—650 nm) to verify protein
content (absorbance at ~280 nm) and rule out any potential
aggregation of the sample (absorbance at ~600 nm). A protein
purity of >95% was also verified through Coomasie staining
of sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) for all samples. Radioligand binding activity was
verified for purified hA,aR-His;, utilized for biophysical experi-
ments. Each batch of purified, micelle-reconstituted hA,aR-His;
was used within a 2 week time span, as receptor activity was
found to decrease after approximately 20 days when the batch
was stored at 4 °C.

Reduction of Disulfide Bonds. Reduction of extracellu-
lar disulfide bonds within hA,aR was achieved via incubation
with tris(2-carboxyethyl)phosphine (TCEP) (Thermo-Fisher,
Chicago, IL). TCEP was the preferred reducing agent in these
studies because of its general compatibility with spectroscopic
and biophysical measurements. Surfactant-solubilized hA,aR-
His;( was incubated with 5 mM dithiothreitol (DTT) or various
concentrations of TCEP (from 0.5 to 10 mM), separated via
electrophoresis via 12% SDS—PAGE, and blotted onto nitro-
cellulose for Western blot analysis as described previously (12).
The mobility of TCEP-treated samples was compared to that of
hA,aR-His;q without TCEP addition. Receptors with one or
more reduced disulfide bonds are evident by a shift in mobility
compared to that of untreated receptors, as has been previously
reported for hA,aR heterologously expressed in yeast (9).

Ligand Binding. For experiments in which free ligand was
added to purified receptors, N°-cyclohexyladenosine (CHA)
(Sigma, St. Louis, MO) and theophylline (Sigma) (/4) served
as representative agonist and antagonist molecules, respec-
tively. Purified hAaR-His|o was typically incubated with
100 uM CHA or theophylline, well above the affinity con-
stant for competitor (Kj) values of 1.5-4 uM for CHA
(15, 16) and 1.7—22 uM for theophylline (17, 18), in compe-
tition experiments with [PHJCGS-21,680 or ["'H]NECA, re-
spectively, for at least 15 min prior to biophysical analysis.

Radioligand binding was performed to assess the activity of
hA,aR-His;, when it was incubated with increasing concentra-
tions of urea. These studies were conducted at room temperature.
Protein was purified as detailed above but was not eluted from
nickel resin particles. Concentrated solutions of urea (10 M) were
prepared in 50 mM phosphate buffer with a 0.1% DDM/0.1%
CHAPS/0.02% CHS mixture using ultrapure urea (MP Biomed-
icals, Cleveland, OH); the pH was adjusted to 7.0, and solutions
were filter-sterilized. Urea solutions were prepared and used the
same day to prevent the formation of cyanate and ammonium
ions resulting from the decomposition of urea over time (/9).
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Equal amounts of a resin/protein slurry (at a dilution of ~1 —
2 uL of settled resin/mL of solution) were combined with increas-
ing amounts of ultrapure urea at concentrations ranging from
0 to 8 M and incubated on an end-over-end mixer for approxi-
mately 5—6 h. After equilibrium had been reached, samples were
aliquoted into a 96-well Millipore Multiscreen Filter B 96-well
glass fiber plate and combined with 50 nM agonist [*HJCGS-
21,680 (Perkin-Elmer, Wellesley, MA). Resin-bound protein was
allowed to incubate on a rotating orbital mixer for 1.5—2 h with
the radioligand prior to analysis with a MicroBeta Jet (Perkin-
Elmer) scintillation counter. Nonspecific radioligand binding was
calculated by incubation of radioligand/urea mixtures with empty
resin slurry (without protein bound), which was subtracted from
all samples. Previous data from our laboratory (J. A. Butz and
A. S. Robinson, unpublished observations) showed that using
cells or lysate that were not expressing hA,aR yielded nonspecific
binding data similar to those found using a nonradioactive com-
petitor ligand. Samples were run in triplicate, and error bars
represent the standard deviation from the average.

Circular Dichroism. Protein secondary structure was char-
acterized by CD spectroscopy measurements conducted on a
Jasco J-810 spectropolarimeter with a Peltier temperature con-
troller, as described previously (12). Spectra were measured from
260 to 196 nm, with 1 nm resolution, with at least three inte-
grations obtained for each spectrum. Protein concentrations used
in these experiments were typically 0.2 mg/mL per sample.
Thermal scans were performed from 5 to 95 °C, in increments
of 5 °C with an incubation of 5 min at each temperature interval.
Equilibrium times for unfolding experiments were determined
empirically for thermal denaturation studies and deemed suffi-
cient when protein spectra no longer changed with time.

Representative data are reported from three or more indepen-
dent trials, and error bars represent the standard deviation from
the average. Appropriate reference spectra were subtracted in all
cases, and mean residue ellipticity calculations were corrected for
protein dilution incurred through addition of a ligand solution.
Mean residue ellipticity (MRE) was calculated according to

_ 0.1 x ellipticity x MW

MRE = -
concentration x / x aa

(1)

where ellipticity is in millidegrees, MW is the protein molecular
weight in grams per mole, concentration is the sample concen-
tration in milligrams per milliliter, / is the path length of the
cuvette (0.1 cm), and aa is the number of amino acids per
monomer. For hA,aR-His,, aa is 434 and MW was estimated
from the primary sequence of the protein to be 47410 g/mol (20).
Secondary structure thermal denaturation was fit to a single
transition between two states when possible (19).

Fluorescence Spectroscopy. Fluorescence experiments were
performed on an ISS-PC-1 (ISS, Champaign, IL) spectrofluorim-
eter. Measurements were taken with the excitation polarizer set
to 90° and the emission polarizer set to 0° to minimize the effects
of light scattering on obtained spectra. Protein concentrations
were chosen so that the absorbance of the sample at 280 nm was
less than or equal to 0.2 (typically 0.1—0.2 mg/mL protein).
Ligand addition measurements were performed as detailed
above, with ligand present in the reference cuvette, and we
corrected for any dilution of protein resulting from the volu-
metric addition of ligand in the obtained spectra. For intrinsic
tryptophan fluorescence measurements, an excitation wavelength
of 290 nm was used and fluorescence was measured between 300
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and 450 nm. When the full emission spectra were collected
(280—440 nm), excitation was set at 265 nm to eliminate the
presence of Rayleigh scattering in the emission spectra.

7-(Diethylamino)-3-(4’-maleimidylphenyl)-4-methylcoumarin
(CPM) (Invitrogen, Carlsbad, CA) was used as a thiol-reactive
fluorescent probe, which has been previously described for mem-
brane proteins (27). In all cases, CPM was protected from light
to minimize photobleaching effects. CPM was dissolved in
DMSO at a concentration of 4 mg/mL, aliquoted, and stored
at —80 °C until it was used. Frozen stocks were thawed and
diluted 1:40 in 50 mM sodium phosphate with 0.1% DDM/
0.1% CHAPS/0.02% CHS buffer, and 30 uL of this dye was
added to a 370 uL sample containing purified protein, or protein
with ligand. CPM was allowed to react with samples on an
end-over-end mixer at 4 °C for at least 70—80 min as this incu-
bation time was necessary to achieve full reaction of CPM with
accessible free thiols. Samples incubated with CPM were excited
at 387 nm, and emission spectra were collected from 400 to
550 nm.

During thermal denaturation experiments, point emission
measurements in which CPM fluorescence was measured at an
emission wavelength of 463 nm were taken. CPM fluorescence
was normalized to the maximal intensity values to improve

Table 1: Midpoints of Thermal Unfolding (7, degrees Celsius) Deter-
mined for hA,aR-His,

with
wild type  with TCEP  with CHA  theophylline
CD T (°C) 589+04 559+04 61.1+£06 584404
CPM fluorescence  41.7+£0.2 ND” 46.3+£0.5  456+0.2
T1 (°C)

“Ty > is the midpoint of thermal unfolding; values were determined using
a model for a single transition between two states. “Not determined.
Addition of TCEP to CPM samples resulted in high levels of background
fluorescence, preventing determination of thermal unfolding with CPM.
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readability of the data shown in Figure 4B. However, the nor-
malization did not alter the T}, values obtained using a model of
a single transition between two states and reported in Table 1.
Thermal denaturation experiments for both intrinsic tryptophan
and CPM fluorescence experiments were performed using a
Peltier temperature controller, set to increase the temperature
in 5 °C increments. The sample chamber was held at each tem-
perature for 5 min prior to fluorescence acquisition. Each trial
was conducted in triplicate, and error bars represent the standard
deviation from the average after fluorescence intensity normal-
ization. Data for tertiary structure thermal denaturation were fit
to a single transition between two states, where possible.

RESULTS

Conformational Changes in hA>aR-His;) upon Ligand
Binding. The secondary structure of purified, detergent-solubilized
full-length hA,aR with a C-terminal decahistidine tag (hA,aR-
His;o) was predominantly a-helical as determined via circular
dichroism (CD) measurements, as expected from the recently
determined crystal structure (4). To evaluate the impact of bound
ligands on receptor secondary and tertiary structure as well as
overall thermodynamic stability, we performed biophysical ex-
periments in the presence of agonist and antagonist for hA,aR.
Upon incubation with N®-cyclohexyladenosine (CHA) (an A,aR
agonist) and theophylline (an A,aR antagonist), no discernible
change was observed in receptor secondary structure (Figure 2A).

hA»aR contains seven Trp residues (Figure 1), most of which
are located within transmembrane domains, one solvent-exposed
on the C-terminus of the receptor, and Trp 246 at a critical site
in the ligand binding pocket (7) (Figure 1), which suggested that
intrinsic tryptophan fluorescence would serve as a good reporter
of conformational changes to the tertiary structure in the pres-
ence of agonist and antagonist ligands. Native hAaR shows an
emission maximum at 328 nm, suggesting a relatively nonpolar
environment for the Trp residues (Figure 2B). When the the-
ophylline antagonist binds, the emission maximum was identical
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FiGURE 1: Distribution of tryptophan (W) residues and cysteine residues (C) in full-length native hA,aR. Residues are numbered from the amino
terminus and are shown in italics for amino acids that flank the hydrophobic interface. Tryptophan residues are highlighted in yellow, while
cysteine residues are highlighted in blue. Intracellular loop regions (ICL) and extracellular loop regions (ECL) are also shown. Disulfide bonds are
indicated between paired cysteines. The disulfide bond generally conserved among members of the GPCR superfamily is shown as a red dashed

line, while other bonds are displayed as solid red lines.
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F1GURE 2: Impact of ligand binding and TCEP addition on hA,aR-His;, protein conformation observed via CD (A) and via intrinsic protein
fluorescence (excitation wavelength, 265 nm) (B). Unliganded receptors (black), receptors with either CHA agonist (dark gray dashed) or
theophylline antagonist (medium gray dotted) at 100 uM, or receptors reduced with | mM TCEP (light gray dashed and dotted). Lines are the
interpolated spectra for measurements taken every 1 nm and averaged for three independent data sets.

to that of hA,aR in the absence of ligand but was blue-shifted
to approximately 326 nm in the presence of the CHA agonist
(Figure 2B). Both ligands showed some absorption at 280 nm,
due to the presence of aromatic rings. However, the inner filter
effects contributing to the observed decrease in intensity are likely
minimal, as shifting the excitation wavelength to minimize ligand
absorption yielded similar behavior.

Impact of Disulfide Bonds on hAaR-His;y Conforma-
tion. The crystal structure for a C-terminal truncation of hA,aR
fused to T4 lysozyme revealed an extensive disulfide bond net-
work within the extracellular loop regions of the receptor (4).
C71—-C159, C74—C146, and C77—C166 disulfide bonds tether
extracellular loops 1 and 2, while a fourth disulfide bond (C259—
C262) exists within extracellular loop 3 (Figure 1). Two of the
disulfide bonds are thought to be unique to hA,aR, while the
C77—C166 bond is generally conserved throughout most GPCRs
(22). The CXXC motif within the third extracellular loop is
also shared by the hA, receptor, within the adenosine receptor
family (23, 24).

It has been postulated that these four disulfide bonds aid in
ligand discrimination and/or ligand accessibility within the bind-
ing cavity of hA»aR (4). Here, disulfide bonds in hA,aR-His;
were reduced through incubation with the reducing agent tris-
(2-carboxyethyl)phosphine (TCEP) or dithiothreitol (DTT), and
reduction was monitored via a reducing gel analysis (Figure 3),
previously used to detect disulfide reduction in hAaR (9). Upon
incubation with 0.5 mM TCEP, the band corresponding to
the hA»aR-His;o monomer was characterized by altered mobility
through the gel (Figure 3A). Upon titration with increasing
amounts of TCEP (up to 10 mM), migration of hA,aR-His,
remained unchanged relative to that with the 0.5 mM addition,
suggesting that incubation with increasing concentrations of this
reducing agent did not bring about further disulfide bond reduc-
tion under these conditions.

hA,aR-His;, secondary structure remained highly a-helical in
the presence of 1 mM TCEP (Figure 2A), and the fluorescence
spectra was relatively unchanged compared to that of native (non-
reduced) receptors (data not shown), inferring that reduction of

AzaR +DTT
WT 5mM

+TCEP +TCEP +TCEP
0.5mM TmM 10mM

40 kDa

FiGURE 3: Effect of reducing agents on purified, solubilized hA,aR.
Samples were incubated with 5 mM DTT or 0.5—10 mM TCEP,
separated via 12% SDS—PAGE, and blotted onto nitrocellulose for
detection with an anti-His primary antibody. An arrow denotes the
molecular mass marker (40 kDa) for MagicMarkWestern protein
standard (Life Technologies), close to the mobility of the monomeric
band of wild-type hA,aR-His.

hA,aR’s disulfide bonds had no direct effect on the conformation
of the unliganded receptor.

Thermal and Chemical Stability of Full-Length hA>aR-
His . One of the barriers to determining the stability of mem-
brane proteins is that the detergent contributes to the stability,
resulting in challenges to studying unfolding (25—28). Reversible
folding of membrane proteins proves to be among the greatest
difficulties associated with their biophysical characterization, and
very few a-helical membrane proteins have been folded or
unfolded in vitro (29, 30).

Thermal denaturation was found to be a useful approach to
perturbing hA,aR-His;, conformation. Figure 4 shows repre-
sentative spectra generated for hA,aR-His;( as measured by CD
(Figure 4A) and intrinsic fluorescence spectroscopy (Figure 4B)
as temperatures were increased. Unfolding of the hA,aR-His;
secondary structure was characterized by a loss of a-helical struc-
ture, as seen through a loss of the characteristic trough at 208 and
222 nm (Figure 4A). Overall, an 80% loss of a-helical content
was seen when hA,aR-His;, was heated to 90 °C, and a midpoint
of unfolding was fit on the basis of a pseudo-two-state model
(Table 1). When the temperature was lowered back to 10 °C, we
found that only ~10—20% a-helical content was recovered and
these spectra did not overlap with initial measurements at 10 °C
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data for higher temperatures. (C) Chemical unfolding of hA,aR-His;q as a function of increasing urea concentration, as determined by intrinsic
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(data not shown), indicating that the thermal unfolding transi-
tion was not reversible. It is likely this lack of reversibility results
from aggregate formation at >80 °C, as evidenced by increased
absorbance in the visible range (~450—600 nm).

Increasing the temperature from 5 to 95 °C led to a decrease in
the tryptophan fluorescence emission intensity but little change in
the center of mass (Figure 4B). In the case of hA,aR, incubation
with chemical chaotropes and SDS did not result in well-behaved
denaturation, as intrinsic tryptophan fluorescence and CD did
not decrease monotonically with an increased concentration of
SDS (data not shown) and urea [intrinsic tryptophan fluores-
cence (Figure 4C)], consistent with the temperature denaturation,
but unlike that of many small soluble proteins (31, 32). When
the full-length, purified hA,aR-His;o was incubated with 0—2 M
urea, the intrinsic tryptophan fluorescence intensity at 320 nm
remained approximately the same and then decreased rapidly
above 2 M urea (Figure 4C).

Thermal Unfolding of hA>aR-His ;) upon Ligand Addi-
tion. To determine the effect of ligands on hA,aR-His,  stability,

molar ellipticities at 222 nm as a function of temperature were
determined (Figure 5A). Although the thermal denaturation was
only partly reversible, a single transition between two states was
observed in the CD data (Figure 5A). For hA»aR-His,, this
unfolding transition occurred at 58.9 + 0.4 °C (Table 1). In the
presence of the agonist CHA and the antagonist theophylline
(Theo), changes to the thermal stability relative to hA,aR-His;
alone were observed (Figure SA). In the agonist-bound state, the
hA,aR-His;, secondary structure was slightly more resistant
to thermal denaturation than the unliganded protein or protein
bound to the antagonist, as a slight increase in the overall mid-
point of unfolding was seen only in the presence of CHA (61.1 &+
0.6 °C) (Table 1).

In these studies, we used an additional fluorescence-based
reporter system as a complementary method to elucidate tertiary
structure changes and folding transitions for hA,aR-Hiso. The
thiol-reactive probe 7-(diethylamino)-3-(4’-maleimidylphenyl)-4-
methylcoumarin (CPM), which reacts with solvent-exposed
cysteines, was utilized, as it has been useful for studying unfolding
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Lines represent fits to a single-transition folding model for experi-
mental data (points). Error bars represent the standard deviation
from the average of three or more trials.

of membrane proteins (4, 2). Upon addition of CPM to purified
hA,aR-His;,, the observed fluorescence emission at 463 nm
increased by a factor of nearly 10 (data not shown). Note that
for hAaR, the reporter groups for CPM binding are six trans-
membrane cysteine residues and one cysteine on the C-terminal
end of the protein (Figure 1).

Addition of CHA (agonist) or theophylline (antagonist) to
hA»aR-His; yielded a distinct shift in the unfolding behavior
from that of the unliganded hA,aR-His;o when fluorescence (due
to CPM binding) was examined as a function of temperature
(Figure 5B). When fit to an unfolding model that describes a
single transition between two states, effective 7}, values were
41.7 £ 0.2 °C for unliganded hA,aR-His;q, which increased to
46.3 £ 0.5 °C for hA,aR-His;y bound to CHA and 45.6 + 0.2 °C
for hA,aR-His;o bound to theophylline (Table 1 and Figure 5B).

Thermal Unfolding of hA>aR-His;y upon TCEP Addi-
tion. Because of the increased protein stability usually imparted
to proteins via disulfide linkages (33—35), we explored whether
these bonds also play a role in the stabilization of hA»aR. The
thermal denaturation of disulfide-reduced hA,aR-His;q moni-
tored via CD led to a thermal midpoint of unfolding at 55.9 +
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FIGURE 6: Denaturation of hA,aR-His; via urea addition leads to a
loss of receptor ligand binding activity (decrease in the level of
receptor—ligand complexes) as measured through radioligand bind-
ing with [PH]CGS-21,680 in the presence (O) or absence (®) of the
reducing agent TCEP. Error bars depict the standard deviation from
the average of three replicate samples at each urea concentration.

0.4 °C, ~3 °C lower than that of untreated hA,aR-His;o (Figure SA
and Table 1). However, CPM fluorescence could not be deter-
mined, as TCEP addition (even in modest amounts) to CPM
resulted in a pronounced increase in fluorescence intensity, which
masked any folding transitions obtained.

To determine whether the disulfide bond network in the
extracellular loops of hA,aR impacted ligand binding as a metric
for tertiary structure stability, surfactant-reconstituted receptors
in the presence or absence of TCEP were incubated with urea
to perturb protein structure. Receptor activity via radioligand
binding was used as a sensitive metric to assess the folded state for
disulfide bond-reduced hA,aR-His;. In this set of experiments,
hA,aR-His;y or reduced hA,aR-His;y protein was bound to
the same concentration of [*’H]CGS-21,680 (a high-affinity A,aR
agonist) over a range of urea concentrations (0—8 M). As seen in
Figure 6, in the absence of urea, reduced receptors exhibited
diminished activity compared to that of native hA,aR-His;, by
approximately 40%. At low urea concentrations (<I M), the
bound ligand obtained for hA,aR-His;y and reduced hA,aR-
His;o was relatively unaffected compared to 0 M urea, as solu-
bilized receptors largely maintained their maximal ligand binding
activity (Figure 6). Upon incubation with increasing amounts of
urea, a sharp decrease in obtained radioactivity was observed,
likely due to a decrease in receptor activity caused by urea-
associated unfolding. Both native and reduced hA,aR-His;
proteins lost approximately half of their binding affinity at
~2 M urea. When 6 M urea was reached, most ligand binding
activity for hA,aR-His;, was eliminated, in the presence or
absence of TCEP.

DISCUSSION

In this study, biophysical characterization of the full-length
human adenosine Aja receptor (hA,aR) was performed to
improve our understanding of receptor conformational changes
and stability in the presence of extracellular ligands. We also
investigated hA,aR conformational stability in the presence of
a reducing agent, because extensive disulfide bonding within the
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receptor’s extracellular loop regions was found within the crystal
structure (4).

Slight Conformational Changes Accompany Ligand
Binding. Biophysical methods were employed to examine changes
in protein conformation upon binding of agonist and antagonist
molecules to hA,aR-His;. From CD measurements, we were not
able to detect appreciable changes in the receptor’s a-helical
secondary structure when bound to ligands (Figure 2A). One can
infer from these data that receptor a-helical content does not
change significantly during ligand binding. Therefore, it is more
likely that transmembrane domain a-helices within hA,aR-His;,
shift upon extracellular ligand binding rather than incur any
direct change to their a-helical conformation.

Although the fluorescence emission maximum remained un-
changed for several conditions tested, a slight, reproducible shift
was seen for hA,aR-His;, only in the presence of agonist
(Figure 2B). Similar blue-shift behavior in the intrinsic fluores-
cence spectrum of agonist-bound GPCRs has also been reported
for the BLT receptor upon binding LTB, (36). Because there was
a relatively small change in the emission maximum upon ligand
binding (Figure 2B), we can infer that the average environment
of the tryptophans in hA,aR-His;, does not undergo a major
change.

A significant reduction in the magnitude of the fluorescence
signal accompanied both agonist and antagonist binding relative
to hA,aR-Hisq in the absence of ligands, indicating that both
ligands bury Trp residues of the receptor (Figure 2B). A larger
decrease in fluorescence intensity in the presence of CHA
compared to that with theophylline indicates that CHA binding
affects the solvation state of more Trp residues of the receptor
than theophylline does upon its binding.

Solvent-exposed regions of GPCRs have been hypothesized to
play a role in accommodating ligand binding in both rhodopsin
and S,AR (37), which likely also explains the Trp fluorescence
decreases observed here, because many Trp residues within
hA,aR are located at the interface of transmembrane helices and
soluble loops, with Trp 246 at a critical site in the ligand binding
pocket (7).

hA>aR Thermal and Chemical Denaturation. We have
used thermal denaturation to characterize the unfolding pathway
for solubilized hA,aR-His;, under a variety of conditions. Ther-
mal unfolding of receptor secondary structure was described well
as a single transition between two folded states (Figure 5A), as
was thermal unfolding of tertiary structure when CPM was used
to monitor cysteine accessibility (Figure 5B). Thermal unfolding
monitored by CD spectroscopy was used to evaluate protein
stability in the presence of ligand. As with many soluble (38)
and membrane-bound proteins (39), the equilibrium thermo-
dynamic analysis of the unfolding of hA,aR-His;, was ham-
pered by irreversibility, because of aggregates formed to some
degree with an increased temperature. Therefore, it is important
to clarify that folding transitions reported in this study are
effective midpoints of unfolding, rather than equilibrium unfold-
ing parameters.

The ellipticity was only slightly affected by temperature changes
between 20 and 50 °C, indicating that secondary structure is
stable within this temperature range (Figure 4A). At higher
temperatures, the spectra change gradually with an increase in
temperature (Figure3A), as the minimum at 222 nm broadens
and loses its intensity, suggesting unfolding of the protein. Our
data show that large heat-induced increases in the scattering
(corresponding to greater than 300 V) that would be indicative of
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aggregation of partially unfolded protein take place only above
~80—85 °C, which is much higher than calculated 7', values
(Table 1).

It is important to note that a simple two-state folding—
unfolding transition is characterized by two states only, the native
state and the denatured state, with a single cooperative transition.
However, here the midpoint of unfolding calculated via CD and
CPM fluorescence for hA,aR-His;, did not occur at the same
temperature: the secondary structure transition observed by CD
occurred at 58.9 °C, while the tertiary structure transition moni-
tored by CPM binding took place at 41.7 °C for unliganded
receptors. This unfolding behavior is consistent with the unfold-
ing model proposed by Popot and Engelman for a-helical mem-
brane proteins, whereby a-helices act as stable, independent
folding domains, and their interaction defines the tertiary struc-
ture that undergoes a separate folding transition (40). Such
behavior has been observed previously for the well-studied
GPCR rhodopsin, whereby pH-induced denaturation led to a
loss of tertiary contacts between the receptor and retinal, yet
secondary structure was largely intact as monitored via FTIR (41).
Simulation of the thermal unfolding of rhodopsin has suggested
that denaturation begins with a loss of hydrogen bonds and
disulfide bridges within extracellular loops, which is directly
coupled to the orientation of transmembrane helices, although
they do not fully unfold (42). An alternate explanation is that a
change in permeability or structure of the micelles at increasing
temperatures allows the CPM probe to enter the transmembrane
domains before denaturation, or the probe itself may facilitate
protein denaturation. Although dodecyl maltoside has a critical
micelle concentration (CMC) of ~0.2 mM at 25 °C (43, 44), we
are working at ~16 times the CMC of pure surfactant at 25 °C,
and the temperature dependence of micelle formation is expected
to be weak (~0.25 mM at 50 °C) (43). However, we cannot rule
out some changes in micelle structure or permeability with an
increase in temperature. A further consideration is that due to
high hydrophobicity, a-helices in membrane proteins may not
denature to the same extent usually seen in soluble proteins (29).

In comparing unfolding of hA,aR-His using both conforma-
tional probes (tryptophan and CPM fluorescence), we have
found that receptors bound to CHA and theophylline demon-
strated enhanced stability compared to that of the unliganded
receptor. Here we observe that wild-type hA,aR-His;, was ~3—
4 °C less stable than the engineered protein hA,aR-T4L-AC,
which includes a C-terminal truncation and replacement of
intracellular loop 3 with T4 lysozyme (4). Interestingly, Stevens
and colleagues reported increased thermal stability in the pres-
ence of certain antagonists (4), consistent with our observations
for theophylline binding to the full-length native receptor;
however, they did not observe any changes in stability upon
agonist binding. In contrast, we can observe a significant increase
in GPCR stability in the presence of the agonist CHA for the full-
length receptor.

The Extracellular Disulfide Network Is Critical to
Ligand Binding. No changes were immediately observed within
either the hA,aR-His;, secondary structure (Figure 2A) or ter-
tiary structure (as measured through intrinsic Trp fluorescence)
when disulfide bonds were reduced with TCEP. However, for re-
duced hA,aR-His, the T}, calculated from thermal denaturation
as observed by CD was 55.9 °C, which is approximately 3 °C less
stable than unliganded hA,aR-His;, (Figure SA and Table 1).

When hA,aR-His;, was incubated with the reducing agent
TCEP, ~40% of the ligand binding activity was lost (Figure 6).
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Although at least partial reduction of disulfide bonds in hA,aR-
His;( was achieved in this study (Figure 3), it is important to note
that the entire network may not have been fully disrupted. Other
studies have shown that reducing agents, presumably acting to
reduce disulfide bonds within extracellular loops, can diminish
the activity of hf,AR (49, 46), the u-opioid receptor (47), and
a human thromboxane receptor (48). Loss of ligand binding
activity as a function of urea concentration follows a similar trend
for hA,aR-His;y and reduced hA,aR-His;, which implies that
the tertiary structure unfolding pathways are likely analogous
(Figure 6). Therefore, these experiments support the conclusion
that while hA,aR activity is sensitive to disulfide bonding within
extracellular loops, likely due to ligand accessibility within the
agonist-binding site, disulfide bonding does not necessarily impart
significant tertiary structural stability to the protein.

CONCLUSION

Biophysical studies conducted with full-length, solubilized
hA»aR-His; have shown important receptor behavior under a
variety of conditions and have allowed for the identification of
critical factors that influence stability. We have seen that while
slight changes for hA,aR-His;, tertiary structure are evident,
either agonist or antagonist binding significantly increased the
overall stability as observed in both receptor secondary and ter-
tiary structure folding transitions. In addition to the insight
drawn from these studies for hA,aR-Hisy, the approach devel-
oped here may be further applied to other GPCRs to characterize
whether these small changes in conformation upon ligand bind-
ing and stabilizing effects are commonly shared among other
adenosine receptors, or even more broadly shared between
members of the GPCR superfamily.
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