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Abstract Antibodies directed against a peptide corresponding
to the second loop of the human B,-adrenergic receptor were
induced in rabbits by immunisation with the free peptide in
complete Freund’s adjuvant. The resulting antibodies were
affinity-purified and shown to be monospecific for the target
receptor. They were able to stimulate the L-type Ca?* channels
in whole-cell patch-clamp experiments on isolated adult guinea-
pig cardiomyocytes. This effect was similar to that obtained by
the specific ,-adrenergic agonist zinterol. The antibody effects
could be blocked with the specific B,-adrenergic inverse agonist
ICI118,551 but not with the neutral antagonist alprenolol. These
results suggest that the antibodies recognise the active conformer
of the B,-adrenergic receptor.
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1. Introduction

Increasing evidence suggests that G protein-coupled recep-
tors can be found in two different conformational states: a
‘resting’ and an ‘active’ state both of which are in equilibrium.
This hypothesis, based on the existence of ‘constitutively ac-
tive’ mutated receptors [1] and on the pharmacological prop-
erties of receptors, hyperexpressed in transfected cells [2,3] or
in transgenic animals [4], could explain the activation of the
effector systems of these receptors in the ‘unliganded’ state [5-
8]. Several observations, on the other hand, suggest that anti-
bodies or autoantibodies directed against the second extracel-
lular loop of G protein-coupled receptors are able to induce
‘agonist-like’ activities by an until now unknown mechanism
[9,10]. We here report the stimulation of L-type Ca?* channels
in isolated guinea-pig cardiomyocytes by anti-peptide antibod-
ies against the second extracellular loop of the Bj-adrenergic
receptor. The pharmacological properties of these antibodies
suggest that they act by stabilising the ‘active’ state of the
receptor.

2. Materials and methods

2.1. Antibody production, purification and characterisation

Rabbits were immunised with the C-terminal cysteinylated H26Q
peptide (see Table 1) derived from the human B;-adrenergic receptor
as free peptide and the anti-peptide antibodies affinity purified as
previously described [11]. The concentration of the purified antibodies
was calculated from the absorbance at 280 nm (1.45 corresponding to
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1 mg/ml). The enzyme immunoassay consisted of a double-sandwich
method in which the second antibody is a biotinylated goat anti-rab-
bit IgG(H+L) from Jackson Laboratories and the revelator a strepta-
vidin-peroxydase conjugate. The substrate was HyO,-ABTS [11]. The
specificity of the response was assayed using the H26Q and H26R
peptide derived from the human [;-adrenergic receptor (Table 1).

2.2. Immunoblotting of the receptor

Murine LB cells transfected with the human B;-adrenoceptor gene
(a kind gift of Dr. M. Viguier, Institut Cochin de Génétique Molécu-
laire, Paris) were grown under standard conditions in the presence of
600 ug/ml geneticin. The level of expression corresponded to 300400
fmol/mg membrane protein. Membranes were prepared after resus-
pension of serum-starved cells in 50 mM TRIS-HCI and 2.5 mM
MgCl, at pH 7.4 and disruption by homogenation in a Polytron.
Debris was centrifuged for 15 min at 3000 Xg and the membranes
precipitated by centrifugation for 45 min at 22000X g. The pellet
was resuspended in the disruption buffer.

Membrane proteins were separated by electrophoresis in a 10%
polyacrylamide gel after denaturation and reduction in sodium dode-
cyl sulfate and mercaptoethanol according to Laemmli [12). The pro-
teins were transferred on nitrocellulose under standard conditions
[13]. After saturation of the nitrocellulose with phosphate-buffered
saline (PBS), pH 7.4, containing 5% skimmed milk powder, 0.1%
Tween-20 overnight at 4°C, strips were incubated for 2 h at 37°C
with 3 nM purified anti-peptide antibody pre-incubated, or not, for
1 h with 6 uM peptide. Strips were washed, incubated for 1 h with
donkey anti-rabbit F(ab), antibody-peroxidase conjugate (Jackson
Laboratories, USA) diluted 1000-fold in blocking buffer. The strips
were washed 3 times in PBS containing 0.1% Tween-20 and immuno-
complexes revealed using the enhanced chemiluminescence procedure
(ECL on Hyperfilm, Amersham, UK).

2.3. Electrophysiological measurements

Cardiomyocytes were isolated using a collagenase/protease diges-
tion technique described elsewhere [14]. Dissociated cells were placed
in a 1 ml chamber on the stage of an inverted microscope (Nikon,
Diaphot 300, Japan). The chamber was continuously perfused at a
rate of 1 ml/min with Tyrode’s normal solution. The composition of
this solution was (in mM): NaCl, 140; KCl, 5.4; N-2-hydroxy-ethyl-
piperazine-N'-2-ethanesulfonic acid (HEPES), 10; CaCl,, 1.8; MgCl,,
1: NaH,;PO,, 0.33; and glucose, 11. The pH was 7.3.

Whole-cell voltage-clamp experiments were done in these isolated
single cells at room temperature (22-25°C). During the experiments,
cells were locally superfused with an extracellular solution containing
(in mM): tetraethylammonium chloride (TEACI), 140; CsCl, 6;
HEPES, 10; CaCl,, 1.8; MgCl,, 1; and glucose, 10. The pH was
adjusted to 7.3 with TEAOH. This solution was superfused at a
rate of 1 ml/min. All drug and antibody solutions were prepared daily
and diluted as desired in the extracellular solution. The patch pipettes
(24 M) were fabricated with borosilicate glass. Pipettes were filled
with (in mM): CsCl, 130; HEPES, 11; EGTA ethylene glycol-bis (B-
aminoethylether)-N,N,N’,N'-tetraacetic acid), 10; TRIS-GTP, 1; and
Mg?*-ATP, 5. The pH was adjusted to 7.3 with CsOH. After the
formation of a gigaseal (4-10 G€2) between the cell membrane and
the pipette and rupturing of the membrane patch, whole-cell L-type
Ca?* currents (Ig,) were elicited by 500 ms voltage steps applied from
a holding potential of —80 mV to +10 mV every 7 s.

Cell capacity (proportional to cell size) was measured by integration
of the current elicited by a 10 mV, 20 ms pulse and this value was
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used to evaluate Ig, density (pA/pF). Currents were recorded using a
RK300 Patch and Cell Clamp amplifier (Biologic, Meylan, France)
connected to a PC 486 computer, which was equipped with pClamp
software (version 6.0.2, Axon Instruments). The currents were stored
in the computer for subsequent analysis with pClamp software. The
calcium currents were measured as the difference between inward peak
current and the current at the end of the depolarisation pulse.

3. Results and discussion

Taking advantage of the existence of a T-cell epitope in the
sequence corresponding to the second extracellular loop of the
human PB,-adrenergic receptors [15], we were able to obtain
high titers of anti-peptide antibodies in rabbits and to affinity-
purify these antibodies on a CNBr-Sepharose activated pep-
tide column as previously described [11]. The antibodies were
monospecific for the Ps-adrenergic receptor peptide since no
cross-reaction could be shown on the correponding sequence
of the B;-adrenergic receptor (Fig. 1). As shown previously
[11], the antibodies were able to detect the receptor by immu-
noblotting in a specific manner as assessed by inhibition ex-
periments with the antigenic peptide (Fig. 2). In view of the
high conservation of this domain in the rodent species, whose
receptor sequence is known (Table 1), it was considered that
antibodies cross-reactive against the guinea-pig receptor,
whose sequence is as yet unknown, was very likely.

To study the stimulating activity of the anti-peptide anti-
bodies on the Po-adrenergic receptor, the whole-cell patch-
clamp technique on guinea-pig cardiomyocytes was used to
assess the influx of Ca?* ions by L-type calcium channels
(Ics), which is known to be stimulated by cAMP dependent
mechanisms, induced by stimulation of the B-adrenergic re-
ceptors [16]. Since, the B-adrenergic system of guinea-pig car-
diomyocytes is primarily of the B;-subtype [17], the activation
of the Ca?* channel by a specific B-selective partial agonist,
zinterol [18] was assayed to quantify the contribution of the
Bo-adrenergic receptors. The increase in Ic, was 14% of that
obtained with the non-subtype specific agonist isoproterenol
(Fig. 3 and Table 2). This result corresponds to that known
about the By-adrenergic component in guinea-pig cardiomyo-
cytes [17].

When the affinity-purified anti-peptide antibodies were
added to the incubation medium of the cardiomyocytes, an
increase in Ic, similar to that induced by zinterol was ob-
served. Presaturating the antibody with the immunogenic pep-
tide completely blocked this response, confirming that the
antibody activity was mediated by the antibody combining
sites. The B-adrenergic antagonist, propranolol, added at the
same time as the antibody completely blocked its effect, con-
firming that the enhancement of /¢, was mediated by the B-
adrenergic receptor. The subtype specificity of the anti-peptide

Table 1
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Fig. 1. Immunochemical specificity of the affinity-purified antibodies
against the second extracellular loop of the human B,-adrenergic re-
ceptor (RaH26Q). Absorbance values are given for the enzyme im-
munoassay against the peptide corresponding to the Pg-adrenergic
receptor (amino acids 172-197) [28] (O~O) and that corresponding
to the Pi-adrenergic receptor (amino acids 197-222) [32] (e—®) as
shown in Table 1.

antibody was shown by the blocking effect of the B,-selective
inverse agonist, ICI118,551 [2]. When the non-subtype specific
neutral antagonist alprenolol [2,3] was added under the same
conditions, the stimulation of I¢, by the anti-peptide antibod-
ies was not inhibited but increased significantly (Fig. 4 and
Table 2). This is not due to the different dissociation rates of
the antagonists, since propranolol and alprenolol have similar
binding kinetics [19]. Neither the addition of the By-selective
partial agonist zinterol had an effect after activation of the
receptor by the anti-peptide antibodies nor the anti-peptide
antibody after activation by the B,-specific partial agonist,
zinterol.

These results can be explained by the hypothesis that the
anti-peptide antibodies recognise an epitope which is present
on the ‘activated’ state of the receptor. Since the two-state
receptor hypothesis states that the receptor in the unliganded
state is in equilibrium between the ‘resting’ and ‘active’ con-
formers, the stimulating effect of the antibodies are to be
interpreted as a recognition of the unliganded ‘active’ confor-
mer. The existence of unliganded ‘active’ receptor conformers
in guinea-pig and human cardiomyocytes is suggested by the
existence of calcium current activation by empty B-adrenocep-
tors [7]. The Po-selective inverse agonist, shifting the receptor
to the ‘resting’ conformation, makes the epitope recognised by
the anti-peptide antibody inaccessible and the functional effect

Comparison of the sequence of the second extracellular loop of the human Bs-adrenoceptor to show the high homology conserved over the dif-

ferent species and the differences with the human ;-adrenoceptor

Species Subtype Sequence

Human [28] Bo- H-W-Y-R-A-T-H-Q-E-A-I-N-C-Y-A-N-E-T-C-C-D-F-F-T-N-Q
Mouse [29] Bs- H-W-Y-R-A-T-H-K-K-A-I-D-C-Y-T-E-E-T-C-C-D-F-F-T-N-Q
Hamster [30] Bs- H-W-Y-R-A-T-H-0-K-A-I-D-C-Y-H-R-E-T-C-C-D-F-F-T-N-Q
Rat [31] Ba- H-W-Y-R-A-T-H-K-0-A-I-D-C-Y-A-R-E-T-C-C-D-F-F-T-N-Q
Human [32] Bi- H-W-W-R-A-E-S-D-E-A-R-R-C-Y-N-D-P-K-C-C-D-F-V-T-N-R

Conserved mutations are underlined, non-conserved mutations are bold and underlined.

The numbers in brackets correspond to the references.
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Fig. 2. Immunoblot of the human receptor from membranes of
mouse LB cells transfected with the human receptor gene. (—) Incu-
bation with 3 nM purified anti-H26Q antibody; (+) incubation with
3 nM purified anti-H26Q antibody in the presence of 6 uM H26Q
peptide.

of the latter disappears. It is worthwhile to note in this con-
text that human autoantibodies directed against the second
extracellular loop of the p;-adrenergic receptor do not immu-
noprecipitate the antagonist-receptor complex [20]. The neu-
tral antagonist, alprenolol, does not change the receptor con-
formational equilibrium enabling the anti-peptide antibodies
to recognise the active ‘conformer’ and exert their activating
effect on the Ca®t channels. The increase in I, induced by
the anti-peptide antibodies in the presence of alprenolol com-
pared to that induced by the antibodies alone, could be as-
cribed to an intrinsic agonist effect of the latter. The antibod-
ies, by stabilising the ‘active’ conformation, can shift the
equilibrium towards the ‘active’ state.

Finally, the total inhibition by propranolol of the anti-pep-
tide antibody induced increase in Ig, suggests that this agent
has an inverse agonist activity. Conflicting results have been
obtained concerning the ‘inverse agonist’ potency of propra-
nolol [2,3]. The results presented here suggest that, for a cell
expressing the receptor under normal condtions, it can be
considered an inverse agonist.

The ‘two-state’ receptor model has been hypothesized from
results obtained in mutated ‘constitutively’ active receptors
[1], and from studies on agonist-independent stimulation of
receptors [5-8]. The first immunological evidence for this
model in normal cardiomyocytes is presented here. It empha-

Table 2
Statistical analysis of patch-clamp data: effects of the direct applica-
tion of different drugs and anti-peptide antibody upon I,

Drug Ic, nd

(% of control)®
Isoproterenol (100 nM) 129+ 51 3
Zinterol (10 nM) 18+ 4 5
RaH26Q (3 nM) 20+ 3 5
RaH26Q (3 aM)+H26Q (15 uM) — 10 5 3
RaH26Q (3 nM)+Propranolol (5 pM) - 8% 3 4
RaH26Q (3 nM)+ICI118,551 (10 nM) — 11t 1 3
RaH26Q (3 nM)+Alprenolol (10 pM) 28+ 3 3
Zinterol (10 nM) after RaH26Q (3 nM) 21+ 2 3
RaH26Q (3 nM) after Zinterol (10 nM) 26+ 8 3
aMean = SD.

bNumber of cells tested.
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sizes the importance of the second extracellular loop in the
equilibrium between the two states of G protein-coupled re-
ceptors as was already inferred from point mutation studies
[21] and recently confirmed by the production of a constitu-
tively active thrombin receptor after chimeric substitutions in
this region of the receptor [22]. Immunological studies confirm
that the main epitopic target of functional autoantibodies on
G protein-coupled receptors are also localised at the second
extracellular loop [9], suggesting that these antibodies act by
influencing the ‘conformer’ equilibrium. The accumulating
evidence that oligomers of G protein-coupled receptors could
reflect the active state of these receptors [23] suggests that
antibodies directed against specific extracellular epitopes
could stabilise at least the dimeric form.

If these autoantibodies are pathologically important, in-
verse agonists should be the drugs of choice to block their
pathogenic effects. The beneficial effects of some P;-selective
antagonists in idiopathic cardiomyopathy [24], a disease in
which autoantibodies directed against the second extraceitular
loop of the Bi-adrenergic receptor have been observed [25-27],
could be due to the inverse agonist properties of the drugs
used.

Finally, anti-peptide antibodies ‘sensitive’ to one of the con-
formers are new pharmacological tools to distinguish between
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Fig. 3. Effect of agonists on calcium current (Ic,) of ventricular gui-
nea-pig cardiomyocytes. A: (upper part) Traces of calcium currents
recorded from the same cell under control conditions (a) and 2.5
min after 0.01 uM zinterol application (b) dotted line: zero current.
(lower part) Time course of I¢, density in the same cell before and
after application of zinterol (0.01 pM). B. (upper part) Traces of
calcium currents recorded from the same cell under control condi-
tions (a) and after application of isoproterenol (1 uM). (lower part)
Time course of Ic, density under control conditions and after appli-
cation of isoproterenol (1 uM).
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Fig. 4. Effects of anti-peptide antibody RaH26Q on calcium cur-
rents (Ic,) of ventricular guinea-pig cardiomyocytes. A: (upper part)
Traces of calcium currents recorded from the same cell under con-
trol conditions (a) and 2.3 min after 3 nM RaH26Q application (b);
dotted line: zero current. (lower part) Time course of Iz, density in
the same cell before and after application of anti-peptide RaH26Q
(3 nM) showing an increase of this current. B: Time course of /¢,
density under control conditions and after application of RaH26Q
(3 nM) and ICI118,551 (10 nM). The antibody effect is completely
abolished. C: Modification of the time course of I, density by sim-
ultaneous application of RaH26Q (3 nM) and alprenolol (10 uM).
The effect of the antibody is increased (for statistical analysis of the
results, see Table 2).

neutral antagonists and inverse agonists for the different G
protein-coupled receptors.

Acknowledgements: This study was supported by grants from Biotech-
nocentre (to J.H.) and a European contract BMH4-CT95-1008. A.M.
was financially supported by CONICIT (Venezuela) and the ‘Associa-
tion Recherche et Partage’ (France). D.L. was supported by a grant
from the ‘Région Centre’ (France). We thank Dr. Y. Magnusson for
the anti-peptide antiserum, Dr. M. Viguier for the transfected LB cells
and Dr. A.D. Strosberg for zinterol.

References

[1] Lefkowitz, R.J., Cotecchia, S., Samama, P. and Costa, T. (1993)
Trends Pharmacol. Sci. 14, 303-307.

[2] Samama, P., Pei, G., Costa, T., Cotecchia, S. and Lefkowitz, R.J.
(1994) Mol. Pharmacol. 45, 390-394.

[3] Chidiac, P., Hebert, T.E., Valiquette, M., Dennis, M. and Bou-
vier, M. (1994) Mol. Pharmacol. 45, 490-499.

[4] Bond, R.A., Leff, P., Johnson, T.D., Milano, C.A., Rockman,

191

H.A., McMinn, T.R., Apparsundaram, S., Hyek, M.F., Kenakin,
T.P., Allen, L.F. and Lefkowitz, R.J. (1995) Nature 374, 272—
276.

[5] Costa, T., Ogino, Y., Munson, P.J., Onaran, H.O. and Rodbard,
D. (1992) Mol. Pharmacol. 41, 549-560.

[6] Hanf, R., Li, Y.X., Szabo, G. and Fischmeister, R. (1993)
J. Physiol. 461, 743-765.

[7] Mewes, T., Dutz, S., Ravens, U. and Jakobs, K.H. (1993) Cir-
culation 88, 2916-2922.

[8] Gétze, K. and Jacobs, K.H. (1994) Eur. J. Pharmacol. 268, 151—
158.

[9] Hoebeke, J. (1995) Médecine/Sciences 12, 1661-1667.

[10] AbdAlla, S., Quitterer, U., Grigoriev, S., Maidhof, A., Haase-
mann, M., Jarnagin, K. and Miiller-Esterl, W. (1996) J. Biol.
Chem. 271, 1748-1755.

{11] Magnusson, Y., Hoyer, S., Lengagne, R., Chapot, M.P., Guillet,
J.G., Hjalmarson, A, Strosberg, A.D. and Hoebeke, J. (1989)
Clin. Exp. Immunol. 78, 42-48.

[12] Laemmli, U.K. (1970) Nature 277, 680-681.

[13] Towbin, H., Staehelin, T. and Gordon, T. (1979) Proc. Natl.
Acad. Sci. USA 76, 4350-4354.

[14] Le Guennec, J.Y., Peineau, N., Esnard, F., Lacampagne, A.,
Gannier, F., Argibay, J., Gauthier, F. and Garnier, D. (1993)
Biol. Cell 79, 161-165.

[15] Guillet, J.G., Lengagne, R., Magnusson, Y., Tate, K., Strosberg,
A.D. and Hoebeke, J. (1992) Clin. Exp. Immunol. 89, 461-467.

[16] Tsien, R.W. (1973) Nature 245, 120-122.

[17] Wang, J.R. and Pelzer, D.J. (1995) J. Physiol. 489, 50P.

[18] Altschuld, R.A., Starling, R.C., Hamlin, R.L., Billman, G.E.,
Hensley, J. Castillo, L., Fertel, R.H., Hohl, C.M., Robitaille,
P.M.L., Jones, L.R., Xiao, R.P. and Labatta, E.G. (1995) Circu-
lation 92, 1612-1618.

[19] Affolter, G.W., Hertel, C., Jaegge, K., Portenier, M. and Staehe-
lin, M. (1985) Proc. Natl. Acad. Sci. USA 82, 925-929. .

[20] Magnusson, Y., Wallukat, G., Waagstein, F., Hjalmarson, A.
and Hoebeke, J. (1994) Circulation 89, 2760-2767.

[21] Noda, K., Saad, Y., Graham, R.M. and Karnik, S.S. (1994)
J. Biol. Chem. 269, 6743-6752.

[22] Nanevicz, T., Wang, L., Chen, M., Ishii, M. and Coughlin, S.R.
(1996) J. Biol. Chem. 271, 702-706.

[23] Hebert, T.E., Mofett, S., Morello, J.P., Loisel, T.P., Bichet,
D.G., Barret, C. and Bouvier, M. (1996) J. Biol. Chem. 271,
16384-16392.

[24] Waagstein, F., Bristow, M.R., Swedberg, K., Camerini, F., Fow-
ler, M.B., Silver, M.A., Gilbert, EM., Johnson, M.R., Goss,
F.G. and Hjalmarson, A. (1993) Lancet 342, 1441-1446.

[25} Wallukat, G. and Wollenberger, A. (1987) Biomed. Biochim.
Acta 46, 634-639.

[26] Limas, C.J., Goldenberg, L.F. and Limas, C. (1989) Circ. Res. 64,
97-103.

[27] Magnusson, Y., Marullo, S., Hoyer, S., Waagstein, F., Anders-
son, B., Vahlne, A., Guillet, J.G., Strosberg, A.D., Hjalmarson,
A. and Hoebeke, J. (1990) J. Clin. Invest. 86, 1658-1663.

[28] Emorine, L.J., Marullo, S., Delavier-Klutchko, C., Kaveri, S.V.,
Durieu-Trautmann, O. and Strosberg, A.D. (1987) Proc. Natl.
Acd. Sci. USA 84, 6995-6999.

[29] Allen, J.M., Baetge, E.E., Abrass, I.B. and Palmiter, R.D. (1988)
EMBO J. 7, 133-138.

[30] Dixon, R.A.F., Kobilka, B.K., Strader, D.J., Benovic, J.L.,
Dohlman, H.G., Frielle, T., Bolanowski, M.A., Bennett, C.D.,
Rands, E., Diehl, E.E., Mumford, R.A., Slater, E.E., Sigal, 1.S.,
Caron, M.G., Lefkowitz, R.J. and Strader, C.D. (1986) Nature
321, 75-79.

[31} Gocayne, J.D., Robinson, D.A., Fitzgerald, M.G., Chung, F.Z.,
Kerlavage, A.R., Lentes, K.U., Lai, J., Wange, C.D., Fraser,
C.M. and Venter, J.C. (1987) Proc. Natl. Acad. Sci. USA 84,
8286-8300.

[32] Frielle, T., Collins, S., Kiefer, W.D., Caron, M.G., Lefkowitz,
R.J. and Kobilka, B.K. (1987) Proc. Natl. Acad. Sci. USA 84,
7920-7924.



