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ABSTRACT

Movements of transmembrane segments (TMs) 3 and 6 play a
key role in activation of G protein-coupled receptors. However,
the underlying molecular processes that govern these move-
ments, and accordingly control receptor activation, remain un-
clear. To elucidate the importance of the conserved aspartic
acid (Asp-130) in the Asp-Arg-Tyr motif of the B, adrenergic
receptor (B2AR), we mutated this residue to asparagine
(D130N) to mimic its protonated state, and to alanine (D130A) to
fully remove the functionality of the side chain. Both mutants
displayed evidence of constitutive receptor activation. In
COS-7 cells expressing either D130N or D130A, basal levels of
cAMP accumulation were clearly elevated compared with cells
expressing the wild-type B2AR. Incubation of COS-7 cell mem-
branes or purified receptor at 37°C revealed also a marked

structural instability of both mutant receptors, suggesting that
stabilizing intramolecular constraints had been disrupted.
Moreover, we obtained evidence for a conformational rear-
rangement by mutation of Asp-130. In D130N, a cysteine in TM
6, Cys-285, which is not accessible in the wild-type B2AR,
became accessible to methanethiosulfonate ethylammonium, a
charged, sulfhydryl-reactive reagent. This is consistent with a
counterclockwise rotation or tilting of TM 6 and provides for the
first time structural evidence linking charge-neutralizing muta-
tions of the aspartic acid in the DRY motif to the overall con-
formational state of the receptor. We propose that protonation
of the aspartic acid leads to release of constraining intramolec-
ular interactions, resulting in movements of TM 6 and, thus,
conversion of the receptor to the active state.

The majority of hormones and neurotransmitters exert
their cellular effects by binding to cell surface receptors be-
longing to the superfamily of G protein-coupled receptors
(GPCRs; Strader et al., 1994; Gether and Kobilka, 1998; Ji et
al., 1998). The B, adrenergic receptor (32AR) belongs to the
subfamily of rhodopsin-like receptors and has been used as a
prototype GPCR in numerous studies (Gether and Kobilka,
1998; Strader et al., 1994). Structurally, GPCRs are charac-
terized by the presence of seven membrane-spanning a-heli-
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cal segments. High resolution structural information is not
yet available due to the inherent difficulties in purifying and
crystallizing large membrane proteins (Gether and Kobilka,
1998; Ji et al., 1998). Nevertheless, the low-resolution struc-
ture of rhodopsin, resolved by Schertler and coworkers (1993;
Unger et al., 1997), has provided important insight into the
organization of the seven-helix bundle and allowed develop-
ment of tertiary structure models of the receptors (Balles-
teros and Weinstein, 1995; Scheer et al., 1996; Baldwin et al.,
1997).

A fundamental question in understanding the function of
GPCRs at a molecular level is how agonist binding to the
receptor is converted into receptor activation (Gether and
Kobilka, 1998). Only recently, techniques have been estab-
lished that permit direct structural analyses of conforma-
tional changes accompanying receptor activation. Khorana,

ABBREVIATIONS: GPCR, G protein-coupled receptor; B2AR, B, adrenergic receptor; TM, transmembrane segment; MTSEA, methanethiosul-
fonate ethylammonium; WT, wild-type; ISO, isoproterenol; DRY, Asp-Arg-Tyr; GnRH, gonadotropin-releasing hormone; Asp-130, aspartic acid in
the DRY motif of the human B2AR; MTS, methanethiosulfonate; PCR, polymerase chain reaction; EPR, electron paramagnetic resonance; CAM,
the constitutively activated B2AR mutant L266S/K267R/H269K/L272A; HEK, human embryonic kidney.
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Hubble, and coworkers have used electron paramagnetic res-
onance (EPR) spectroscopy to study conformational changes
accompanying photoactivation of rhodopsin (Farrens et al.,
1996). Using site-selective incorporation of pairs of sulfhy-
dryl-reactive spin labels, they have demonstrated that photo-
activation of rhodopsin involves rigid-body movement of trans-
membrane segment (TM) 6 relative to TM 3 (Farrens et al.,
1996). Gether et al. (1995, 1997a,b) have analyzed ligand-
induced conformational changes in the B2AR using fluorescence
spectroscopy analysis of purified B2AR cysteine mutants, which
were site-selectively labeled with a sulfhydryl-reactive and
environmentally sensitive fluorophore. In agreement with the
rhodopsin data, it was found that agonist-promoted activation
involves critical movements of TMs 3 and 6 (Gether et al.,
1997b). A key role of these domains has been supported further
by the observation that bis-His Zn?* binding sites and disulfide
cross-links generated between TMs 3 and 6 prevent receptor
activation and G protein coupling (Yu et al., 1995; Sheikh et al.,
1996). The molecular mechanisms, however, that underlie the
movements of TMs 3 and 6, and thus govern the transition of
the receptor between its inactive and active state, remain un-
clear.

It has been suggested that receptor activation involves
protonation of the aspartic acid in the conserved Asp-Arg-Tyr
(DRY) motif at the cytoplasmic side of TM 3 (Fig. 1; Scheer et
al., 1996, 1997). Charge-neutralizing mutations of the aspar-
tic acid lead to increased agonist-independent activity of the
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Fig. 1. Two-dimensional model of the B2AR. The highly conserved DRY
motif is located at the cytoplasmic side of TM 3. The conserved aspartic
acid Asp-130°? is indicated with a white letter in a black circle whereas
Arg-1312%° and Tyr-1323%! are shown with a black letter in a white circle.
The cysteine (Cys-285%47) that becomes partially accessible in the D130N
mutant and in CAM (Javitch et al., 1997) is located in TM 6 and is
indicated with a white letter in a dark shaded circle. The four residues
mutated in CAM (Samama et al., 1993) are indicated with black letters in
light shaded circles. The highly conserved aspartic acid in TM 2 (Asp-
79%5%) are shown with black letters in white circles. The numbers in
parentheses (or superscript) refer to the general numbering scheme for
GPCRs proposed in Ballesteros and Weinstein, 1995.

agp-adrenergic receptor (Scheer et al., 1996, 1997) and more
efficient coupling of the gonadotropin-releasing hormone
(GnRH) receptor (Ballesteros et al., 1998). In rhodopsin, mu-
tation of the corresponding glutamic acid also causes weak
constitutive receptor activation (Cohen et al., 1993). In addi-
tion, experiments have indicated that the glutamic acid is
partly responsible for the proton uptake that has been shown
to accompany formation of the activated metarhodopsin II
intermediate (Arnis et al., 1994). Therefore, we hypothesized
that the aspartic acid of the DRY motif in its unprotonated
state forms stabilizing intramolecular interactions that re-
strain movements of TMs 3 and 6, thus maintaining the
receptor in an inactive configuration.

To test this hypothesis the aspartic acid in the DRY motif
of the human B2AR (Asp-130; Asp3.49 according to the gen-
eral nomenclature proposed in Ballesteros and Weinstein,
1995) was mutated to asparagine (D130N) to mimic the pro-
tonated state of the side chain and alanine (D130A) to com-
pletely remove its functionality. Our hypothesis was sup-
ported by the observations that mutation of Asp-130 leads to
constitutive receptor activation and a marked structural in-
stability of the receptor protein. Moreover, we obtained evi-
dence that mimicking the protonated state of Asp-130 in TM
3 leads to a conformational rearrangement in TM 6 consis-
tent with a counterclockwise rotation (as seen from the ex-
tracellular side) or tilting of the helix. We suggest that Asp-
130 is an important part of a molecular switch that controls
transition of the receptor between its active and inactive
state and thus may govern the spatial disposition of TMs 3
and 6.

Experimental Procedures

Site-Directed Mutagenesis. The mutations of Asp-130 to
D130N and D130A in the B2AR were generated by polymerase chain
reaction (PCR)-mediated mutagenesis using the Pfu polymerase ac-
cording the manufacturer’s instructions (Stratagene, La Jolla, CA).
The mutation of Cys-285 (C285S) was generated as described
(Javitch et al., 1997). The constitutively activated B2AR mutant,
CAM (L266S/K267R/H269K/L.272A), was provided by Dr. R. J.
Lefkowitz (Duke University, Durham, NC). The DNA fragments
containing the Asp-130 mutations or CAM were cloned into an
epitope-tagged version of the human B2AR (Sf-hB2-6H; Guan et al.,
1992; Gether et al., 1997b) in the mammalian expression vectors
pcDNA3 (Stratagene, La Jolla, CA) and pTEJ8 (Johansen et al.,
1990). For expression in Sf-9 insect cells the mutants were cloned
into the baculovirus expression vector pVL1392 (Invitrogen, San
Diego, CA). For transient expression in HEK-293 cells, the wild-type
(WT) receptor, D130N, and D130N/C285S were cloned into pCIN4
(Javitch et al., 1997). The mutations were identified initially through
the presence of diagnostic restriction sites introduced via the mu-
tated oligonucleotides, and subsequently verified by DNA sequenc-
ing analysis of the PCR-generated segments.

Cell Culture and Transfection. COS-7 cells were grown at 37°C
in 10% CO, in Dulbecco’s modified Eagle’s medium 1885, supple-
mented with 10% fetal calf serum, 2 mM glutamine, and 0.01 mg/ml
gentamycin. For transient expression, COS-7 cells were transfected
by the calcium phosphate precipitation method (Johansen et al.,
1990) using 10 to 60 ug of the pcDNA3 or pTEJ-8 constructs per 6 X
10° cells in 175 cm? flasks. The amount of DNA used in the trans-
fections was modified to achieve various expression levels of the
constructs. Human embryonic kidney (HEK) 293 cells were main-
tained at 37°C in 5% CO, in Dulbecco’s modified Eagle’s medium/
F-12(1:1), containing 3.15 g/liter glucose in 10% fetal calf serum. The
HEK 293 cells were transiently transfected with 2 pg DNA of the
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pCIN4 constructs using the Lipofectamine/Opti-MEM (Life Technol-
ogies, Inc., Grand Island, NY) transfection system as described
(Javitch et al., 1997). Sf-9 cells were grown in suspension culture in
SF 900II medium (Gibco, Grand Island, NY) containing 5% fetal calf
serum and 0.1 mg/ml gentamycin (Gibco). Expressions in Sf-9 insect
cells were obtained by cotransfection of the pVL1392 constructs with
linearized BaculoGold DNA using the BaculoGold transfection kit
(Pharmingen, San Diego, CA). The resulting recombinant viruses
were amplified to high titer stocks as described (Gether et al., 1997b;
U.G,, in press).

COS-7 Cell Membrane Preparation. Membranes were pre-
pared from transiently transfected COS-7 cells 48 h post-transfec-
tion. The cells were washed once with PBS (8.1 mM NaH,PO,, 1.5
mM KH,PO,, 138 mM NaCl, 2.7 mM KCl, pH 7.2) before addition of
10 ml of ice-cold lysis buffer per 107 cells in a 175 cm? flask (10 mM
Tris-HCI, pH 7.5, containing 1 mM EDTA, 10 ug/ml of the protease
inhibitors benzamidine and leupeptin, plus 0.5 mM phenylmethyl-
sulfonyl fluoride). The cells were detached in the lysis buffer by
scraping with a cell scraper and homogenized in a Dounce homoge-
nizer (25 strokes with the tight pestle). The lysed cells were centri-
fuged for 5 min at 500g, and the resulting supernatant was centri-
fuged at 40,000¢ for 30 min at 4°C. The membrane pellet was
resuspended in ice-cold binding buffer (75 mM Tris-HCl, pH 7.4, 12.5
mM MgCl,, 1 mM EDTA) containing the above mentioned protease
inhibitors. Protein was determined using the Bio-Rad DC protein
assay kit (Bio-Rad, Richmond, CA). Membranes were diluted to 1 mg
protein/ml in binding buffer before storage at —80°C.

Ligand Binding. In saturation-binding experiments, COS-7 cell
membranes (5—50 pg membrane protein) were incubated for 2 h at
room temperature with 10~ to 10~% M [®*H]dihydroalprenolol (TRK
649; Amersham, Little Chalfont, UK) in a total volume of 500 ul
binding buffer (75 mM Tris-HCl, pH 7.4, 12.5 mM MgCl,, 1 mM
EDTA). Nonspecific binding was determined in presence of 10 uM
alprenolol. In competition binding experiments, membrane protein
(between 5 and 50 ug depending on the receptor expression) was
incubated for 2 h at room temperature with 0.5 nM [*H]dihydroal-
prenolol and increasing concentration of isoproterenol (ISO) or pin-
dolol. All determinations in the binding assays were done in tripli-
cate. The binding reactions were stopped by rapid filtration over
glass fiber filters (FilterMat B, Wallac, Turku, Finland) using a
96-well Tomtec cell harvester (Tomtec, Hamden, CT). MeltiLex
Melt-on Scintillator Sheets (Wallac) were used for counting of the
filter in a Wallac Tri-Lux B scintillation counter. K and ICj, values
were determined by nonlinear regression analysis using GraphPad
Prism 2.0 (GraphPad Software, San Diego, CA). K, values were
determined using the equation K; = IC;y/(1 + L/ Ky).

cAMP Accumulation Assay. The cAMP accumulation assay was
performed essentially as described (Salomon et al., 1974; Hjorth et
al., 1998). COS-7 cells, transiently expressing the WT and mutant
receptors, were cultured in 12-well plates (2.5 X 10° cells/well) and
incubated overnight with medium containing 2 uCi/ml of [*H]ade-
nine (TRK311, Amersham). The cells were washed twice in 1.0 ml
HBS buffer (25 mM HEPES pH 7.2, 0.75 mM NaH,PO,, 140 mM
NaCl) followed by incubation for 20 min at 37°C in the absence or
presence of ligand in 1.0 ml of HBS containing 1.0 mM 3-isobutyl-1-
methylxanthine. The cells were chilled on ice, the incubation mix
was aspirated, and the incubations were terminated by adding 1.0 ml
of ice-cold 5% trichloroacetic acid containing 0.1 mM unlabeled
cAMP and ATP. After 30 min on ice, the supernatants were applied
first to a Bio-Rad 50W-X4 resin and subsequently to an alumina
column (Sigma, St. Louis, MO). The [*H]cAMP generated was eluted
into scintillation tubes in 0.1 M imidazole, after which scintillation
fluid was added and the samples counted. Determination of basal
activity was performed in quadruplicate, ligand-stimulated activity
in duplicate. In each experiment, the expression of the receptor
constructs was assessed in a binding assay, performed as described
above, using a single saturating concentration of [*H]dihydroalpre-
nolol (10 nM). Crude membranes were prepared for the binding

assay from 1.5 X 10° cells grown overnight in 10-cm tissue culture
dishes.

Sf-9 Membrane Preparation and Adenylyl Cyclase Assay.
Sf-9 cells (25-ml cultures in 125-ml disposable Erlenmeyer flasks at
a density of 3 X 10° cells/ml) were infected with baculovirus encoding
the WT or mutant receptors for 24 to 64 h. The incubation time was
varied to obtain similar levels of expression for the individual recep-
tor constructs. The cells were harvested and membranes prepared
according to previously described procedures (Gether et al., 1995).
Adenylyl cyclase assay was performed on the membranes as de-
scribed (Suryanarayana and Kobilka, 1991).

Assessment of Receptor Stability in Membranes. COS-7 cell
membranes (1 mg protein/ml) expressing WT or mutant receptors
were diluted 4-fold in binding buffer containing 10 pg/ml of the
protease inhibitors benzamidine and leupeptin plus 0.5 mM phenyl-
methylsulfonyl fluoride. The membranes were subsequently incu-
bated for 0 (control), 2, 6, 12, and 24 h at 37°C. The remaining
binding activity was assessed in a binding assay performed as de-
scribed above using a single saturating concentration of [*H]dihy-
droalprenolol (10 nM). To assess the ability of ligands to affect
receptor stability, membranes expressing the WT or the D130A
mutant were incubated for 6 h at 37°C in binding buffer containing
protease inhibitors plus 10 uM (—)-ISO with 10 mM ascorbate or 1
uM ICI 118,551. Before performing the binding assay, the mem-
branes were washed twice in binding buffer with protease inhibitors
by pelleting the membranes at 15,000g for 20 min, followed by
resuspension in equal volumes of ice-cold buffer.

Assessment of Stability of Purified Receptor. For nickel-
purification of the WT and the D130A mutant, Sf-9 cells were grown
in 500-ml cultures at a density of 3 X 10° cells/ml, infected with a
1:30 dilution of a high titer virus stock and harvested after 48 h. The
receptors were solubilized in 1.0% (w/v) n-dodecyl-B-D-maltoside
(Anatrace, Maumee, OH) and purified by nickel-column chromatog-
raphy using Chelating Sepharose (Amersham Pharmacia Biotech
AB, Uppsala, Sweden) as described (U.G., in press). Stability of the
nickel-purified receptor was determined by incubating 2 pmol recep-
tor at 37°C for 0, 15, 30, and 60 min in 20 mM Tris-HCI, pH 7.5,
containing 0.08% (w/v) n-dodecyl-B-D-maltoside, 100 mM NaCl, and
5 mg/ml bovine serum albumin. The remaining binding activity of
the receptors was assessed in a binding assay using a single satu-
rating concentration of [*H]dihydroalprenolol (10 nM) as described
(Gether et al., 1997b). Purified receptor incubated for 0 and 60 min
at 37°C was analyzed by 10% SDS-polyacrylamide gel electrophore-
sis followed by Western blotting using the M1 antiFLAG antibody
(Sigma Chemical Co., St. Louis, MO) and the enhanced chemilumi-
nescence system (Pierce, Rockford, IL).

Methanethiosulfonate (MTS) Reagent Assay. The MTS re-
agent assay was carried out as described (Javitch et al., 1994, 1997).
The HEK 293 cells, grown in 35-mm dishes and transiently express-
ing the D130N or the D130N/C285S mutants, were washed in PBS,
briefly treated with PBS containing 5§ mM EDTA, and then dissoci-
ated in PBS. Cells were pelleted at 1000g for 5 min at 4°C and
resuspended in 400 ul of buffer (140 mM NaCl, 5.4 mM KCl, 1 mM
EDTA, 0.006% BSA, 25 mM HEPES, pH 7.4). Aliquots of whole-cell
suspension (50 ul) were incubated with different concentrations of
freshly prepared methanethiosulfonate ethylammonium (MTSEA,
Toronto Research Biochemicals) for 2 min at room temperature. Cell
suspensions were diluted 20-fold and binding of [PH]ICGP-12177
(400-800 pM) was measured on 300 ul aliquots in triplicate using 1
uM alprenolol to determine nonspecific binding. Fractional inhibi-
tion was calculated as 1 — [(specific binding after MTS reagent)/
(specific binding without reagent)].

Results

Constitutive Activation of B2AR by Mutation of Asp-
130. The aspartic acid in the conserved DRY-motif of the
B2AR (Asp-130%*°, see Fig. 1) was mutated to asparagine
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and alanine (D130N and D130A). As illustrated in Fig. 2,
these charge-neutralizing mutations caused a clear elevation
of basal, agonist-independent cAMP accumulation in tran-
siently transfected COS-7 cells as compared with the WT
receptor. The basal activity increased linearly with increas-
ing receptor expression. D130N displayed the highest activ-
ity (slope = 0.31 X 10 cpm X pmol ' X mg protein™!)
followed by D130A (slope = 0.174 X 10% cpm X pmol ! X mg
protein~ ') and WT (slope = 0.013 X 10° cpm X pmol ' X mg
protein™; Fig. 2). The activity of the mutants was compared
to CAM (Samama et al., 1993), which contains four substi-
tutions at the cytoplasmic side of TM 6 (L266S/K267R/
H269K/L272A; Fig. 1). CAM displayed a basal activity simi-
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Fig. 2. Evidence for constitutive activation of D130A, D130N, and
CAM. A, basal [*H]cAMP accumulation in COS-7 cells transiently
expressing D130N (@) or WT 82AR (O). B, basal [PH]cAMP accumula-
tion in COS-7 cells transiently expressing D130A (®) or WT B2AR (O).
C, basal [*’H]cAMP accumulation in COS-7 cells, transiently express-
ing CAM (@) or WT B2AR (O). The values are plotted as a function of
receptor density, and are obtained from n = 13, 8, 10, and 3 individual
transfections of WT, D130N, D130A, and CAM, respectively. To obtain
a series of different expression levels of the WT, DNA used in the
transfections was varied between 10 and 60 ug. Each determination
was done in quadruplicate. The lines shown were calculated by linear
regression analysis with the lines forced through the y axis corre-
sponding to the measured [*H]cAMP accumulation in nontransfected
COS-7 cells. The slopes of the lines are as follows: WT, 0.013 X 10®
cpm X pmol~! X mg protein~!; D130N, 0.31 X 10% cpm X pmol ! X mg
protein™!; D130A, 0.174 X 10® CPM X pmol~! X mg protein™!; CAM,

0.175 X 10% cpm X pmol~! X mg protein~!.

lar to D130A (slope = 0.175 X 10 cpm X pmol ' X mg
protein~*; Fig. 2).

Stimulation of COS-7 cells transiently expressing the WT
or mutant receptors with a saturating concentration of the
partial agonist pindolol (1 uM) caused a clear increase in
cAMP accumulation that increased with increasing expres-
sion of the individual receptor constructs (Fig. 3). As ob-
served for the basal activity, the increase in cAMP accumu-
lation was most significant for D130N (slope = 2.1 X 10
cpm X pmol~! X mg protein—?) followed by D130A (slope =
0.81 X 10° cpm X pmol ! X mg protein '), CAM
(slope = 0.76 X 10° cpm X pmol~! X mg protein~ '), and
WT (slope = 0.129 X 10° cpm X pmol ! X mg protein™'; Fig. 3).
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Fig. 3. Increased response to pindolol at D130A, D130N, and CAM. A,
pindolol-stimulated increase in [PH]cAMP accumulation in COS-7 cells
transiently expressing D130N (®) or WT B2AR (O). B, pindolol-stimu-
lated increase in [PH]cAMP accumulation in COS-7 cells transiently
expressing D130A (@) or WT B2AR (O). C, pindolol-stimulated increase in
[PHIcAMP accumulation in COS-7 cells transiently expressing CAM (@)
or WT B2AR (O). Data are expressed as the difference between basal
activity in the absence of pindolol and the activity in the presence of 1 uM
pindolol. The values are plotted as a function of receptor density and are
obtained from n = 13, 8, 10, and 3 individual transfections of WT, D130N,
D130A, and CAM, respectively. To obtain a series of different expression
levels of the WT, the DNA used in the transfections was varied between
10 and 60 pg. Each determination was done in duplicate. The lines shown
were calculated by linear regression analysis. The slopes of the lines are
as follows: WT, 0.129 X 10% cpm X pmol~! X mg protein™*; D130N, 2.1 X
10% cpm X pmol ! X mg protein~*; D130A, 0.81 X 10® cpm X pmol * X
mg protein—!, CAM, 0.76 X 10° cpm X pmol~' X mg protein—'.
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The data indicate an increased efficacy of pindolol at all three
mutant receptors. Increased efficacy of partial agonists has
previously been described for CAM and is consistent with an
enhanced ability of the mutant receptors to assume an acti-
vated state (Samama et al., 1993). Because ISO significantly
increased cAMP levels in untransfected COS-7 cells by stimu-
lating endogenous PB2ARs present at low levels (data not
shown), it was not possible to investigate the response of the
mutant receptors to full agonists. The partial agonist, pindolol,
however, did not affect cAMP production in untransfected cells
(data not shown).

Pindolol dose-response curves at D130N, D130A, and WT
revealed a 4- to 5-fold increase in potency of pindolol at
D130N and D130A in stimulating cAMP production (Fig. 4).
Notably, increased potency for partial agonists has been de-
scribed previously for CAM (Samama et al., 1993).

Expression of D130N and D130A in Sf-9 Insect Cells.
To assess maximum receptor activity of the mutants (re-
sponse to full agonists) and to confirm our observations in
COS-7 cells, the WT receptor, D130N, and D130A were ex-
pressed in Sf-9 insect cells, which do not contain endogenous
B adrenergic receptors (Chidiac et al., 1994). Unfortunately,
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Fig. 4. Pindolol dose-response curves of cAMP accumulation in COS-7
cells transiently expressing the WT, D130N, or D130A. A, accumulation
of [*'H]cAMP in response to indicated concentrations of pindolol in COS-7
cells expressing the WT receptor (@), D130N (O), or D130A (M). Data are
mean * S.E. of duplicate determinations in a representative experiment.
The cells expressed 1.33 pmol/mg, 0.47 pmol/mg, or 1.41 pmol/mg mem-
brane protein of either WT, D130N, or D130A, respectively. The similar
levels of expression were achieved by adjusting the DNA used in the
transfections. B, dose-response curves from A are given as the percentage
of maximum pindolol activity. Maximum pindolol activity was assessed
from the dose-response curves by nonlinear regression analysis using
Prism (GraphPad, San Diego, CA).

the expression of the D130N mutant in the Sf-9 insect cells
was too low for functional studies. However, the D130A mu-
tant was expressed at levels allowing measurements of cou-
pling to adenylyl cyclase. In agreement with our observations
in COS-7 cells, adenylyl cyclase assays on Sf-9 cell mem-
branes showed higher basal adenylyl cyclase activity for
D130A than for the WT receptor at similar expression levels
(Fig. 5). Moreover, we observed an increased potency of the
full agonist, ISO and an increased maximum response at
D130A as compared with the WT (Fig. 5). These data suggest
that mutation of Asp-130 causes both constitutive activation
and receptor hyperactivity.

In the Sf-9 insect cell membranes, expressing around 0.8
pmol receptor/mg protein, pindolol behaved as a neutral an-
tagonist at the D130A mutant (maximal response was less
than 5% of maximum ISO response) and as a weak inverse
agonist at the WT (data not shown). This low efficacy of
pindolol is in full agreement with previous observations
showing general low efficacy of weak partial agonists in
adenylyl cyclase assays on Sf-9 cell membranes as compared
with cAMP accumulation measurements on intact cells (Sa-
mama et al., 1993; Chidiac et al., 1994).

Binding Characteristics of Mutant Receptors. Satu-
ration binding experiments with the antagonist [*H]dihy-
droalprenolol showed unchanged antagonist affinity for all
three mutants (D130N, D130A, and CAM) as compared with
the WT (Table 1). Receptor expression was, however, mark-
edly reduced, particularly for D130N (Table 1). Expression of
the endogenous B adrenergic receptor was less than 100
fmol/mg protein and therefore should not interfere with our
binding measurements on the transfected receptors, all of
which expressed at levels at least 10-fold higher.

ISO competition binding on COS-7 cell membranes ex-
pressing the WT B2AR revealed a single binding site (Hill
slope =~ 1) with a K; value of 281 nM (Table 2 and Fig. 6).
GTP~S treatment did not affect the ISO affinity or the slope
of the binding curve (Fig. 6 and Table 2), suggesting that only
a negligible fraction of the WT receptors is coupled to G
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Fig. 5. Adenylyl cyclase activity in membranes from Sf-9 insect cell
expressing the WT B2AR or D130A. ISO dose-response of adenylyl cyclase
activity in membranes expressing either the WT receptor (@) or D130A
(O). Data are given as the percentage of maximum ISO-stimulated ad-
enylyl cyclase activity of the WT and are expressed as mean + S.E. of four
different experiments. Maximum activity of the WT was 11.6 pmol
cAMP/mg protein/min and assessed from the dose-response curves by
nonlinear regression analysis using Prism (GraphPad). The membrane
preparations used contained 0.81 pmol WT receptor/mg protein or 0.79
pmol D130A pmol/mg protein. The similar levels of expression were
achieved by shortening the incubation time to 24 h for the WT after
infection with virus.
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protein and thus forms the high-affinity ternary complex
(Samama et al., 1993). Notably, similar results were obtained
over a wide range of expression levels (from 1 pmol recep-
tor/mg protein to 10 pmol/mg protein; data not shown). In
contrast to the WT, the ISO competition curves for D130N,
D130A, and CAM showed the best fit to a two-site model (Fig.
6 and Table 2). The K; value for the high-affinity site ranged
from 0.6 to 1.0 nM whereas the K, value for the low-affinity
site was 10 to 20 nM (Table 2). The apparent high-affinity
site most likely reflected receptors coupled to the G protein
because GTPyS treatment of the membranes eliminated the
high-affinity site and resulted in monophasic binding curves
with a Hill slopes close to unity (Fig. 6 and Table 2). The
affinity of ISO for CAM, D130N, and D130A in the presence
of GTPyS was similar to the affinity of the low-affinity site
detected in the absence of GTPyS (Table 2). However, the
affinity of ISO for this presumably uncoupled state was
markedly higher in all three mutants (10- to 30-fold) than for
the WT receptor (Table 2). Taken together, these data indi-
cate that charge-neutralizing mutations of Asp-130 lead to
an increase in apparent agonist affinity for the uncoupled
state of the receptor. Furthermore, the data indicate a higher
degree of high-affinity ternary complex formation in the mu-
tant receptors, consistent with a higher propensity of the
receptors to assume the activated R* state and thus couple to
the G protein (Samama et al., 1993).

Competition binding experiments with pindolol demon-
strated unchanged affinities for the mutant receptors as com-
pared with the WT (Table 1). This is consistent with the
unchanged affinities observed previously in CAM for weak
partial agonists such as pindolol (Samama et al., 1993).

Structural Instability of Asp-130 Mutants. It has been
suggested that the receptor normally is kept quiescent by a

TABLE 1

Binding properties of WT and mutant B2ARs

Saturation and competition binding assays were performed on membranes derived
from COS-7 cells transiently expressing the WT or mutants’ receptors. Values are
from three to five independent experiments performed in triplicate. The IC5, values
used for calculations of K; values were obtained from means of pICy, values deter-
mined by nonlinear regression analysis and the S.E. interval from pICs, + S.E.

[3H]Dihydroalprenolol Pindolol

Construct
K4 = SE. B.x = S.E. K; [S.E. interval] Hill

nM pmol/mg nM
WT 0.20 = 0.02 14.0 = 4.5 0.93[0.892-0.965] —1.08
D130N 0.22 = 0.01 1.0 £ 0.2 0.92[0.882-0.960] -1.15
D130A 0.20 = 0.02 58 + 1.0 0.83[0.813-0.851] -1.01
CAM 0.21 = 0.01 54*+1.0 0.75[0.708-0.787] —-0.90
TABLE 2

network of constraining intramolecular interactions, and
that disruption of such constraints is a key element in con-
stitutive receptor activation (Kjelsberg et al., 1992; Gether et
al., 1997a; Gether and Kobilka, 1998). Recently, this hypoth-
esis was supported by the finding that CAM B2AR is not only
constitutively active but is also characterized by a marked
structural instability and enhanced conformational flexibil-
ity of the purified receptor protein (Gether et al., 1997a). As
illustrated in Fig. 7, mutation of Asp-130 also conferred a
marked structural instability to the receptor protein. The
instability was observed both in situ by incubating COS-7 cell
membranes, expressing the different receptors, at 37°C, and
by incubating partially purified receptor protein in detergent
solution at 37°C. Whereas the T, for degradation of the WT
in membranes was 12 to 24 h, the T',,, values for the mutants
were approximately 2.5 h (Fig. 7A). Both the full agonist ISO
and the inverse agonist ICI 118,551 were able to stabilize the
mutant receptors to a level comparable to the WT (Fig. 7B).
The stability of the partially purified receptor protein in
detergent solution was much less than that observed for the
receptor in membranes (Fig. 7C). However, a clear difference
between WT and the D130A mutant was still observable
(T3, wr = 21 min versus T3 pi30a = 10 min). Western blot
analysis of the partially purified protein after 1 h at 37°C
showed no sign of proteolytic degradation (Fig. 7C, inset).
Thus, the loss of binding activity apparently reflects dena-
turation of the protein and not proteolytic degradation.
Evidence for a Conformational Rearrangement of
TM 6. Treatment of cells expressing the WT B2AR with up to
100 mM charged, sulfthydryl specific agent, MTSEA, does not
affect binding of the radioligand [*HJCGP-12177 to the B2AR
(Javitch et al., 1997). However, Javitch et al. (1997) reported
recently that high concentrations of MTSEA inhibits binding
of [PHICGP-12177 up to around 60% in the constitutively
activated mutant CAM (L266S/K267R/H269K/L272A)
(Javitch et al., 1997). Mutation of the endogenous cysteine
Cys-285 (Cys6.47, see Fig. 1) in TM 6 eliminated the inhibi-
tion, suggesting that Cys-285 in CAM becomes partially ac-
cessible for MTSEA in the water-accessible binding crevice
(Javitch et al., 1997). Because it is reasonable to assume that
CAM spontaneously assumes an activated state of the recep-
tor, this change in accessibility most likely reflects a confor-
mational change associated with receptor activation. We
therefore decided to assess the conformational state of the
D130N mutation by testing the accessibility of Cys-285 to
MTSEA. Similar to what was previously observed for CAM

ISO competition binding in the absence and presence of GTPyS at WT and mutant B2ARs

Competition binding assays were performed on COS-7 cells membranes with or without 10 uM GTP%S using 0.5 nM [*H]dihydroalprenolol as radioligand. Values are from
three to five independent experiments performed in triplicate. The IC5, values used for calculations of K; values were obtained from means of pICj, values determined by

nonlinear regression analysis and the S.E. interval from pICs, = S.E.

(—)ISO
Construct No GTPyS +10 uM GTPyS
K i K; 1o Fold decrease Fraction of K; .
[S.E. intorval] [S.E. interval] in K, 1, K, ;gh [S.E. fntervall Hillgrp,s
nM nM nM
wT @ 281 [272.7-289.0]¢ 278 [260.6-295.6] —-1.03
D130N 1.0 [0.65-1.55] 14.0 [10.60-18.47] 20 0.43 11.5 [10.26-12.90] —1.00
D130A 0.6 [0.27-1.23] 20.5 [17.47-23.97] 14 0.19 22.2 [20.67-23.84] -1.02
CAM 0.6 [0.49-0.73] 10.4 [9.23-11.76] 27 0.36 5.3 [5.06-5.48] —0.90

% The WT competition curve showed the best-fit to a single-site model. The mutant competition curves showed the best fit to a two-site model (Prism).

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet.’

Mutation of a Conserved Aspartic Acid in the B, Adrenergic Receptor 181

(Javitch et al., 1997) we found that MTSEA inhibited binding
of [®’H]CGP-12177 up to around 40% in the D130N mutant,
whereas concomitant mutation of Cys-285 (D130N/C285S)
eliminated this inhibition (Fig. 8). Importantly, mutation of
Cys-285 did not revert the constitutively activated phenotype
of D130N as indicated by unchanged high affinity for the full
agonist ISO. In competition binding experiments with
[*HICGP-12177 on membranes from HEK 293 cells, a K;
value for ISO of 1.52 = 0.37 nM (mean = S.E., n = 3) was
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Fig. 6. ISO competition binding isotherms in the absence and presence of
GTPyS. A, ISO competition of [°H]dihydroalprenolol binding at D130N in
absence (M, solid curve) or presence ([J, short-dashed curve) of GTPyS. B,
ISO competition of [*H]dihydroalprenolol binding at D130A in absence
(A, solid curve) or presence (A, short-dashed curve) of GTPyS. C, ISO
competition of [*H]dihydroalprenolol binding at CAM in absence (V, solid
curve) or presence (V, short-dashed curve) of GTPyS. ISO competition of
[*H]ldihydroalprenolol binding at the WT receptor in absence (®, solid
curve) or presence (O, short-dashed curve) of GTPyS is shown for com-
parison in all three panels. Data are the percentage of maximum [*H]di-
hydroalprenolol binding (mean = S.E., n = 3-5). The experiments were
done in COS-7 cell membranes prepared as described in Experimental
Procedures.

observed for D130N and 1.52 *= 0.35 nM for D130N/C285S
(mean * S.E., n = 3). Furthermore, both D130N and D130N/
C285S displayed the same affinity for [PHICGP-12177 (K,
[D130N] = 55 = 2 pM, K, [D130N/C285S] = 78 = 18 pM,
means * S.E., n = 3).

Discussion

In this study, we sought to investigate the functional sig-
nificance of the conserved Asp-13034° (Fig. 1) in the DRY
motif at the bottom of TM 3 in the B2AR. Our data provide
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Fig. 7. Structural instability of D130N, D130A, and CAM. A, stability of
WT and mutant receptors transiently expressed in COS-7 cells. Mem-
branes expressing WT (@), D130N (M), D130A (O), or CAM (OJ) were
incubated at 37°C for indicated periods of time. The remaining [*H]dihy-
droalprenolol binding activity is given as a percentage of control at 7' = 0
(mean * S.E., n = 3). B, effect of ligands on receptor stability. COS-7 cell
membranes expressing WT or D130A were incubated for 6 h at 37°C in
the absence or presence of 10 uM (—)ISO or 1 uM ICI 118,551. Data are
remaining [*H]dihydroalprenolol binding activity in the percentage of
control at 7' = 0 (mean * S.E., n = 3). C, stability of partially purified
receptors from Sf-9 insect cells. Nickel chromatography purified WT (@)
and D130A (O) were incubated at 37°C for indicated periods of time. The
remaining [*H]dihydroalprenolol binding activity is given as a percentage
of control at 7" = 0 (mean * S.E., n = 3). Inset, Western blot analysis of
nickel-purified WT and D130A before and after incubation at 37°C for 60
min. The same amount of receptor as determined by initial binding
activity was applied to the gel (0.2 pmol).
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several lines of evidence that this aspartic acid plays a key
role in the receptor activation mechanism. Interestingly, mu-
tation of Asp-1303*° to D130N in the B2AR has been reported
previously (Fraser et al., 1988). In agreement with our re-
sults, an increase in agonist affinity without change in an-
tagonist affinity was observed. However, no basal activity of
either the WT or the mutant receptors was reported. Fur-
thermore, agonist-promoted increase in cAMP production for
the mutant receptor was not detected (Fraser et al., 1988).
Most likely, the low expression of the mutant in B82 cells (42
fmol/mg protein), as compared with the much higher expres-
sion we obtain in COS-7, hindered detection of functional
coupling and thus a relative increase in coupling efficiency
(Fraser et al., 1988).

The DRY motif (Fig. 1) is highly conserved throughout the
subfamily of rhodopsin-like GPCRs. Whereas the arginine
(Arg-1313°) is 100% conserved, the aspartic/glutamic acid
(Asp-130%49) is conserved among 99% of GPCRs belonging
to rhodopsin-like receptors and the tyrosine (Tyr-1323°1)
among approximately 75% of the receptors (Probst et al.,
1992). Mutation of the arginine has established an important
role of this residue in G protein activation (Min et al., 1993;
Rosenthal et al., 1993; Scheer et al., 1996; Ballesteros et al.,
1998). Previous studies have also indicated a critical function
of Asp-130°*° for receptor activation. Charge-neutralizing
mutations of the aspartic acid lead to constitutive activation
of the adrenergic «;,, receptor and improved coupling of the

A

e D130N

o D130N/C2855

0.0 T T T T
0 25 50 75 100
MTSEA (mM)

[*H]CGP-12177 binding
(fraction of control)

Fig. 8. Effects of MTSEA treatment on specific [*PH]|CGP-12177 binding to
D130N and D130N/C285S. A, HEK 293 cells transiently expressing
D130N (@) or D130N/C285S (O) were treated with indicated concentra-
tions of MTSEA before determination of specific [*H]JCGP-12177 binding.
The data are given as a fraction of control binding activity without
MTSEA treatment (means = S.E., n = 3). B, model of the seven TMs of
the human B2AR as seen from the extracellular side based on the pro-
jection structure of rhodopsin (Ballesteros and Weinstein, 1995; Baldwin
et al., 1997). The suggested rearrangement of TM 6 in the activated state
of the receptor (counterclockwise rotation or tilting) brings Cys-285%47 to
the margin of the binding crevice where it becomes partially accessible to
MTSEA.

GnRH receptor (Ballesteros et al., 1998). In the M1 musca-
rinic receptor mutation of the aspartic acid leads to phospho-
inositide turnover responses quantitatively similar to the WT
despite dramatically lowered expression (Lu et al., 1997). In
rhodopsin, mutation of the corresponding glutamic acid
causes weak constitutive receptor activation, and experi-
ments have indicated that proton uptake by the glutamic
acid is an important event in formation of metarhodopsin II
(Cohen et al., 1993; Arnis et al., 1994).

The mutational data have been supported by molecular
modeling and computational simulations. Based on simula-
tions in the «; receptor, Scheer et al. (1996) suggested that
the Arg3.50 in the inactive state is constrained in a “polar
pocket” formed by residues in TMs 1, 2, and 7. Upon proto-
nation (or mutation) of the adjacent Asp3.49 (Asp-130) the
arginine shifts out of the polar pocket leading to long range
conformational changes. The ionic counterpart of the argi-
nine in the inactive state was predicted to be the conserved
aspartic acid in TM 2 (Asp2.50; Asp-79 in B2AR, Fig. 1;
Scheer et al., 1996). Alternatively, based on computational
simulations in the GnRH receptor, Ballesteros et al. (1998)
proposed that the ionic counterpart of Arg3.50 in the inactive
state could be the adjacent Asp3.49 and not Asp2.50. They
hypothesized that during receptor activation, Asp3.49 be-
comes protonated and that Asp2.50 substitutes for Asp3.49
in forming an ionic interaction with Arg3.50. Thus, an ionic
interaction between Arg3.50 and Asp2.50 was associated
with the active state instead of with the inactive state as
proposed by Scheer et al. (1996) and Ballesteros et al., (1998).
Nevertheless, both the model proposed by Scheer et al. (1996)
and by Ballesteros et al. (1998) are in full agreement with our
results and both underline that Asp3.50 (Asp-130) has a key
role in receptor activation.

To assess the conformational state of the receptor after mu-
tation of Asp-130, we utilized an assay based on the accessibil-
ity of an endogenous cysteine in TM 6 of the B2AR (Cys285547)
to a charged sulfhydryl specific reagent, MTSEA. Reaction with
MTSEA covalently couples SCH,CH,NH,™" to the cysteine sulf-
hydryl (Stauffer and Karlin, 1994). Methanethiosulfonate de-
rivatives such as MTSEA react more than a billion times faster
with the thiolate anion than with the thiol, and only water-
accessible cysteines are likely to ionize to a significant extent
(Roberts et al., 1986). The binding site of the B2AR and homol-
ogous receptors for small water-soluble agonists is contained
within a water-accessible binding-site crevice formed by the
seven membrane-spanning segments (Javitch et al., 1995,
1997). Accordingly, a cysteine facing the water-accessible bind-
ing-site crevice should react much faster with charged MTSEA
than should a cysteine facing the lipid bilayer or another mem-
brane-spanning segment. As illustrated in Fig. 8, we provide
evidence that Cys285%*” becomes partially accessible to MT-
SEA in the binding-site crevice in response to the mutation of
Asp-130 to D130N. Our functional data strongly suggest that
D130N spontaneously assumes an activated state, thus, the
increased accessibility of Cys-285%47 most likely reflects a con-
formational change involved in receptor activation. A similar
increase in the accessibility of Cys-285%47 was observed in CAM
(Javitch et al., 1997). Importantly, the fact that similar changes
in the accessibility of Cys-285%*7 are seen with constitutively
activating mutations both in TM 3 and in TM 6 suggests that
the increased accessibility is a general function of activation,
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and not simply a local structural change resulting from the
mutation of residues at the bottom of TM 6.

According to a model of the B2AR, Cys-285%47 is pointing
toward TM 7 and is located in a boundary zone between the
lipid bilayer and the water-accessible binding crevice (Ball-
esteros and Weinstein, 1995; Baldwin et al., 1997; Fig. 8).
The data are thus mostly consistent with a counterclockwise
rotation (as seen from the extracellular side) or tilting of TM
6 in the activated state, bringing Cys-285°“7 more toward
the margin of the binding crevice. A similar movement is
predicted both from EPR spectroscopy analyses in rhodopsin
(Farrens et al., 1996) and from fluorescence spectroscopy
analyses of agonist-induced conformational changes in the
B2AR (Gether et al., 1997b). Of interest, a rhodopsin mutant
in which the glutamic acid corresponding to Asp-1303“° in
the B2AR was mutated to glutamine was recently analyzed
by EPR spectroscopy (Kim et al., 1997). The analysis showed
a partial activated conformation in the dark state in agree-
ment with a weak constitutive activity of this rhodopsin
mutant (Kim et al., 1997). Surprisingly, they detected only
minor spectroscopic changes in the region corresponding to
TM 6. However, the studies were performed on rhodopsin,
i.e., in presence of 11-cis-retinal, which has the properties of
an inverse agonist (Han et al., 1997). This may have pre-
vented a full conversion of the receptor to the active state.

Recently we reported that the constitutively activated
B2AR, CAM (Samama et al., 1993), is characterized by struc-
tural instability of the receptor (Gether et al., 1997a). Fur-
thermore, fluorescence spectroscopy analysis of CAM labeled
with an environmentally sensitive cysteine-reactive fluoro-
phore showed evidence for enhanced conformational flexibil-
ity as compared with the WT (Gether et al., 1997a). Due to
low expression of the Asp-1303-°° mutants in Sf-9 insect cells,
we did not succeed in purifying sufficient receptor for spec-
troscopy. However, as shown in Fig. 7, we could demonstrate
that mutation of Asp-1303°° in TM 3 did confer a similar
structural instability to the receptor as observed for CAM.
The data suggest that stabilizing conformational constraints
have been disrupted both in CAM and in the Asp-1303-°°
mutants, providing indirect structural evidence for the con-
cept that GPCRs are maintained preferentially in an inactive
configuration by a network of stabilizing, intramolecular in-
teractions. This was originally proposed by Kjelsberg et al.
(1992), who observed that any amino acid substitution of
Ala293%3% in the a5 receptor resulted in constitutive recep-
tor activation. The concept has, for example, also been sup-
ported by the proposed presence of interhelical salt bridge
constraints that are disrupted during receptor activation in
the a;g receptor (Porter et al., 1996).

Receptor models based on the projection map of rhodopsin
predict that Asp-1303-5° at the bottom of TM 3 would be close
to the four residues substituted in CAM at the bottom of TM
6 (L266S/K267R/H269K/L272A; Ballesteros and Weinstein,
1995; Baldwin et al., 1997). Thus, it is likely that mutation/
protonation of Asp-130%°° or mutation of the four residues in
CAM, directly or indirectly, may cause a similar conforma-
tional perturbation in this region. This is specifically sup-
ported by molecular dynamics simulations in the a;5 recep-
tor of the constitutively active mutant, A293E (Ala6.34
corresponding to Leu-272 in the B2AR; Scheer et al., 1996).
These simulations indicated conformational changes in this
receptor mutant similar to the changes observed by analyz-

ing the protonated state of Asp3.50 or the Asp-to-Ala muta-
tion of this residue (Scheer et al., 1996). This further empha-
sizes the importance of the cytoplasmic ends of TMs 3 and 6
as a critical switch region controlling activation of rhodopsin-
like GPCRs.
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