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An agonist-like monoclonal antibody against the human S.,-adrenoceptor
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Abstract

Monoclonal antibodies were produced against a peptide corresponding to the second extracellular loop of the human B,-adrenoceptor.
One of these monoclonals, inducing an agonist-like effect in neonatal rat cardiomyocytes, was used to define the structural and
physiological basis of this activity. The epitope recognized by the antibody corresponds to the sequence Trp-Tyr-Arg-AlaThr-His-GIn-Glu
as determined by peptide scanning. Analysis by alanine modification of the peptide epitope showed the importance of the Trp, and Glu
residues in antibody recognition The apparent affinity of the antibody assessed either by surface plasmon resonance or by functional
titration on its agonist-like activity showed a similar value (108 M ~1). The antibody recognized the receptor in its native form as shown
by immunofluorescence experiments on A431 cells but not in its denatured form as shown by its absence of staining in immunoblots. The
positive chronotropic effect in vitro was specifically blocked by both the antigenic peptide and the specific B,-antagonist (+)-1-{2,3-(Di-
hydro-7-methyl 1H-inden-4-yDoxy]-3-[(1-methylethyl)amino]-2-butanol hydrochloride (1C1118,551). This activity was mediated through
activation of Ca2™ L-type channels as assessed in guinea pig cardiomyocytes. These results suggest that the epitope is located in an
extracellular a-helix, whose recognition by the antibody could stabilize the receptor in its ‘active’ conformation. © 1998 Elsevier Science

B.V.
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1. Introduction

Increasing evidence shows that autoantibodies against
G-protein-coupled receptors are present in several types of
cardiovascular diseases and that the agonist-like activity of
these autoantibodies could play a pathogenic role in, at
least, some of the symptoms of these diseases (Hoebeke,
1995).

Structural knowledge on G-protein-coupled receptors
was derived from the cloning and sequencing of the ham-
ster B,-adrenoceptor (Dixon et al., 1986), whose amphi-
pathic profile corresponded to that of bacteriorhodopsin,
whose three-dimensional structure was defined by elec-
tron-diffraction experiments (Henderson et al., 1990).
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These receptors are integral membrane proteins, consisting
of seven membrane spanning «-helices linked together by
extra- and intracellular loops, with the N-terminus at the
extracellular side and the C-terminus at the intracellular
site (Dohlman et al., 1987). Although the pharmacophore
of the catecholamine receptors, belonging to this group, is
localized in a hydrophobic pocket, encompassed in the
seven trans-membrane a-helices (Strosberg, 1993), stabi-
lization of the overall structure is mediated by a disulfide
bridge that links the first and second extracellular loop
together (Noda et al., 1994). Indeed, site directed mutagen-
esis studies have shown that the involved cysteines are
essential for agonist recognition and for desensitization of
the receptor (Dixon et al., 1987; Fraser, 1989; Liggett et
al., 1989). The functional importance of the second extra-
cellular loop, the existence of T cell epitopes on this loop
and its hydrophilic character prompted us to consider it as
one of the main targets for a functional autoimmune
humoral response (Magnusson et a., 1989; Guillet et al.,
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1991). This hypothesis was confirmed by the presence of
autoantibodies with agonist-like activity against the S;-
and the B,-adrenoceptor in patients with cardiac electrical
disturbances of unknown origin (Chiale et al., 1995) and in
patients with Chagas' disease (Sterin-Borda et a., 1988).
Autoantibodies against the p;-adrenoceptors and mus-
carinic M2 receptors were also found in patients with
idiopathic dilated (Magnusson et al., 1990; Fu et al., 1993)
or Chagas' cardiomyopathy (Elies et al., 1996) and against
the «,-adrenoceptor in patients with secondary malignant
hypertension (Fu et al., 1994).

A specific B cell epitope in patients with Chagas’
disease could be pinpointed to a polyanionic sequence in
the second extracellular loop of the B,-adrenergic and the
muscarinic M2 receptor, cross-reacting with a ribosomal
protein of the pathogenic parasite Trypanosoma cruz. It
corresponded to the sequence Ala-Glu-Ser-Asp-Glu situ-
ated at the N-terminus of the second extracellular loop of
the B,-adrenoceptor (Ferrari et al., 1995). The exact epi-
tope recognized on the human B,-adrenoceptor, however,
could not be defined in the polyclonal autoimmune re-
sponse. Ancther strategy was therefore used by preparing
monoclonal antibodies against the second extracellular loop
of the B,-adrenoceptor and selecting one with agonist-like
activity. The immunochemical characterization of the epi-
tope recognized by this antibody has allowed us to define
the amino acids on the receptor, involved in functional
recognition.

2. Materials and methods
2.1. Peptides

Peptide B,-H19C (His-Trp-Tyr-Arg-Ala-Thr-His-GIn-
Glu-Ala-lle-Asn-Cys-Tyr-Ala-Asn-Glu-Thr-Cys) corre-
sponding to the second extracellular loop (residues 172—
190) of the human B,-adrenoceptor (Emorine et al., 1987;
Kobilka et a., 1987), peptide B,-H19C (His-Trp-Trp-

Arg-Ala-Glu-Ser-Asp-Glu-Ala-Arg-Arg-Cys-Tyr-Asn-
Asp-Pro-Lys-Cys) (Frielle et d., 1987) and other peptides
(Table 1) used for this work were synthesized using the
Fmoc (9-fluorenylmethyloxycarbonyl) procedure with an
automated Applied Biosystems 431A peptide synthesizer.
The peptides were purified by HPLC and checked by mass
spectrometry.

2.2. Production of monoclonal antibodies

Balb,/C mice were immunized with the free peptide
B,-H19C (100 wg) emulsified in complete Freund's adju-
vant and injected subcutaneoudly. Four weeks later, a
booster injection (100 ug in incomplete Freund's adju-
vant) was given. Four weeks later 10 ug peptide dissolved
in NaCl 0.9% was injected intravenously three days before
harvesting the spleen cells for fusion.

Fusion was performed with polyethylene glycol 1500
(Boehringer, Mannheim, Germany) at 41% between
splenocytes from the immunized mouse and myeloma
SP20 cells, 10 splenocytes for 1 myeloma cell (Galfre and
Milstein, 1981). Hybridomas were cultivated in 96 well
plates precoated with peritoneal macrophages of Balb/C
mice (5000 cells/well). 5 X 10° cells were distributed per
well in RPMI 1640 medium supplemented with 20% heat-
inactivated fetal calf serum, 200-mM glutamine, 100-mM
sodium pyruvate, 0.05 g of streptomycin/ml and 50 U of
penicillin/ml in a humidified incubator at 37°C under an
atmosphere of 5% CO,. Secreting clones were screened by
enzyme immunoassay and subcloned by limiting dilution
(Oi and Herzenberg, 1980).

2.3. Enzyme immunoassay

Fifty microliters of peptide (10 ug/ml) in 100 mM
Na,CO,; pH 9.6, were coated for 1 h on microtiter plates
(Nunc, Kastrup, Denmark). The wells were then saturated
with PMT (phosphate 10 mM NaCl 150 mM, pH 7.4
supplemented with 3% skimmed milk powder and 0.1%

Table 1

Sequences of synthetic peptides used

Receptor Position Peptide Sequence

hB,-Adrenergic 172-197 B,-H26Q His-Trp-Tyr-Arg-Ala-Thr-His-GIn-Glu-Alalle-Asn-Cys-
Tyr-Ala-Asn-Glu-Thr-Cys-Cys-Asp-Glu-Phe-Thr-Asn-Gln

hB,-Adrenergic 172-190 B,-H19C His-Trp-Tyr-Arg-Ala-Thr-His-GIn-Glu-Alalle-Asn-Cys-
Tyr-Ala-Asn-Glu-Thr-Cys

hB;-Adrenergic 197-222 B1-H26R His-Trp-Trp-Arg-Ala-Glu-Ser-Asp-Glu-Ala-Arg-Arg-Cys-
Tyr-Asn-Asp-Pro-Lys-Cys-Cys-Asp-Phe-Val-Thr-Asn-Arg

hB;-Adrenergic 197-216 B1-H19C His-Trp-Trp-Arg-Ala-Glu-Ser-Asp-Glu-Ala-Arg-Arg-Cys-
Tyr-Asn-Asp-Pro-Lys-Cys

h M2-Muscarinic 169-193 M2 Val-Arg-Tht-Val-Glu-Ser-Gly-Glu-Cys-Thr-lle-GIn-Phe-
Phe-Ser-Asn-Ala-Ala-Va-Thr-Phe-Gly-Thr-Ala-lle

Control peptide P23 Leu-His-Arg-Gly-His-GIn-Glu-Val-Glu-Leu-Glu-Lys-L eu-

Pro-Thr-His-Asn-Asp-Pro-Glu-Ser-Leu-Glu-Ser

Position as found in the protein sequence.
Peptide nomenclature as found in the text.
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Tween 20). Fifty microliters of hybridoma supernatants or
monoclonal antibodies at different dilutions in PMT were
added to the saturated plate for 2 h at 37°C. After washing
the wells three times with PBS (phosphate buffered saline:
phosphate 10 mM, NaCl 150 mM, pH 7.4) supplemented
with 0.1% Tween 20, the monoclona antibodies were
revealed by incubation for 1 h at 37°C with a peroxidase
conjugated anti-mouse 1gG (H + L) (Interchim, France)
diluted 1:1000 in saturation buffer. This was followed by
three washings in the same washing buffer and the addi-
tion of the substrate 2.5 mM H,0,, 2 mM 2,2-azino-
di(ethyl-benzthiazoline) sulfonic acid. Absorbance was read
after 30 min at 405 nm in a microplate reader.

2.4. Purification of the antibody

Anti-peptide monoclonal antibodies were purified from
ascitic fluids on an affinity column made by coupling
B,-H19C peptide to CNBr-activated Sepharose-4B by the
standard procedure (Pharmacia, Sweden). The ascitic fluid
(2 ml) was extensively dialyzed against PBS, then ad-
sorbed on the affinity column in PBS, eluted with 3 M
MgCl, and immediately dialyzed against PBS.The concen-
tration of the purified antibodies was calculated from the
absorbance at 280 nm (optical density of 1.45 correspond-
ing to 1 mg/ml). Purified anti-peptide monoclonal anti-
bodies were aliquoted and stored at —80°C.

2.5. Mouse monoclonal antibody isotyping

Isotyping of the monoclona antibodies was performed
on hybridoma supernatant, ascitic fluids, and affinity puri-
fied monoclonal antibodies using the mouse monoclonal
antibody isotyping kit from AMERSHAM.

2.6. Surface plasmon resonance

All measurements were performed on an upgraded Bia-
core instrument (Pharmacia). Streptavidin was immobi-
lized on a CM5 chip, using the standard Pharmacia proce-
dure at a density of 0.06 pmol /mm?. The B,-H19C pep-
tide was allowed to react for 2 h at room temperature with
a fivefold molar excessin a 0.1 M NaHCO, buffer at pH
8.5 of sulfosuccinimidyl-6-(biotinamido) hexanoate
(Sigma, St. Louis, USA). The peptide was separated from
the unreacted biotinylating agent by a PD10 desating
grade column (Pharmacia) and the subsequent solution
(+£1 mg/ml) dlowed to interact with the immobilized
streptavidin for 5 min (flow 5 wl/min). The molar ratio
peptide/streptavidin as calculated from the increase in
resonance units was 1.

Increasing concentrations of purified antibody diluted in
150 mM NaCl, buffered with 10 mM HEPES and supple-
mented with 3.4 mM EDTA and 0.001% Surfactant P20
(HBS) was allowed to react with the peptide during 12 min
(flow 5 wl/min). The dissociation in the running buffer
was followed for 5 min a the same flow rate. The

biotinylated peptide—streptavidin complex was regenerated
by a4 min pulse in 3 M MgCl,. Blanks were determined
by studying the interaction of the antibody on a biotinyl-
ated irrelevant peptide of the same length.

2.7. Immunofluorescent analysis

The human epidermoid carcinoma cell A431 line, ex-
pressing a high amount of B,-adrenoceptors, was grown at
37°C in RPMI 1640 supplemented with 10% heat-in-
activated fetal calf serum, 200-mM glutamine, 100-mM
sodium pyruvate, 0.05 g of streptomycin/ml and 50 i.u of
penicillin/ml in a humidified incubator under an atmo-
sphere of 5% CO,. Cells were plated out into 175 cm?
culture flasks until preconfluence. They were detached
with a solution of 0.25% trypsin. After addition of 50 ml
of RPMI 1640, they were centrifuged; the resulting pellet
was resuspended in supplemented culture medium and
subcultured into five 175 cm? flasks or 24 well plates.

Cells cultured in 175 cm? flasks were then harvested in
PBS by scraping and centrifuged at 400 rpm in 4 min to
sediment the aggregates. The resulting suspension was
centrifuged and the pellet (10° cells) resuspended in 1 mi
PBS containing the purified 6H8 monoclonal antibody
(250 nM) and incubated for 2 h at 4°C. After washing by
centrifugation (2 min at 7500 X g), fluorescein isothio-
cyanate (FITC)-conjugated goat anti-mouse 1gG (Sigma)
diluted 1,100 (v /v), was added to the cells. After 1 h of
incubation, the cells were washed three times, fixed with
2% (v/v) of formaldehyde, and anadyzed on a FACScan
using the LY SIS program (Becton Dickinson).

2.8. Peptide and alanine replacement scanning

A set of 11 nonapeptides, overlapping by 9 residues,
covering the sequence 172—190 of the human S,-adrenoc-
eptor was prepared by the Spot method of multiple peptide
synthesis on cellulose membrane (Frank, 1992), as modi-
fied (Molina et al., 1996). The reactivity of the set of
immobilized peptides was assessed by incubation with a
dilution of monoclona antibodies mAb6H8 or mAb5D9
(90 min at 37°C) followed by an akaline phosphatase
conjugated anti-mouse 1gG (Sigma), diluted 1 /1000 for 60
min at room temperature. Positive peptides were identified
by the blue color developing on spots in the presence of
5-bromo-4-chloro-3-indolyl phosphate, as described (Frank,
1992).

By the same method a set of nonapeptides correspond-
ing to the epitope recognized by the mAb6H8 was pre-
pared by substituting an aanine for every residue. The
alanine was replaced by a glycine. Recognition of the
modified peptides by the monoclonal antibody was per-
formed as described above.

2.9. Radioligand binding assays

Guinea pig lungs were minced and homogenized (poly-
tron homogenizer, setting 6, 10 s twice) in ice-cold buffer



126

(pH 7.5) consisting of 20 mM Tris—HCI, 250 mM sucrose,
5 mM MgCl,, 10 uM phenylmethylsulfonylfluoride
(PMSF), 0.7 mg/ml pepstatin and 0.5 wg,/ml leupeptin.
The homogenate was centrifuged at 900 X g for 10 min at
4°C, the supernatant was filtered through gauze, diluted
with an equal volume of the same buffer used to homoge-
nize but without sucrose and centrifuged for 10 min at
43000 X g. The resulting pellet (membrane particulate
fraction) was resuspended in 600 mM KCI in the buffer
mentioned earlier. It was placed on ice for 10 min, then
recentrifuged at 43000 X g for 20 min. The crude mem-
brane preparation was resuspended in 20 mM Tris—HCI, 5
mM MgCl, buffer and aliquots were stored at —80°C
until use.

Saturation binding isotherms were obtained by incubat-
ing lung membranes (10 ug of protein) for 1 h at room
temperature with varying concentrations of 4-[3-(1,1-
Dimethylethyl)amino]-2-hydroxypropoxy]-1,3-dihydro-
2H-benzimidazol-2-one (*H]-CGP12,177) (0.0625-4 nM).
Specific binding was defined as that displaced by 10 uM
(—) propranolol. The reaction was stopped by dilution
with 5 ml ice cold buffer. The samples were then poured
over GF/C 2.5 glass microfibre filters (Whatman Interna
tional, UK) under reduced pressure followed by two washes
with 5 ml of buffer. Filters were counted in a liquid
scintillation counter. The saturation binding variables B,
and K, were determined from the commercialy available
computer assisted programs EBDA and LIGAND, of Mun-
son and Rothbard as adapted for the Macintosh by
MacPherson (1985).

2.10. Cardiomyocyte stimulation

Rat neonatal cardiomyocytes were prepared from ven-
tricles of 1-2- days Wistar rats by a modified method

2,0
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according to Halle and Wollenberger (1970). The cells
were cultured as monolayers for 4 days at 37°C in SM
20-1 medium supplemented with 10% heat-inactivated calf
serum and 2 uM fluorodeoxyuridine and exhibited a
spontaneous basal pulsation rate of about 160
beats/min.The cardiomyocyte cultures were washed with
fresh medium containing serum and incubated for 30 min
at 37°C with the same medium containing 10 nM arachi-
donic acid (Wallukat et al., 1994). The flasks were trans-
ferred to the heatable stage of an inverted microscope, and
the basal beating rate was determined. Ten small circular
fields (0.8 mm?, 10 mm apart from each other) were
inspected through the perforation of a metal template.
Three to five clusters of synchronously beating cells in
each of the 10 fields were selected, and the number of the
contractions was counted for 15 s. This procedure was
repeated for two to five identically treated culture flasks.
The compounds to be tested were dissolved in the same
medium used for the determination of the basal beating
rate and incubated with the monolayers for the times
indicated.

To study the signal transduction pathway of the anti-
body, cardiomyocytes were preincubated for 30 min with a
phosphokinase A inhibitor, Rp isomer of adenosine-35'-
monophosphorothioate (RPCAMPS 50 wM), or a phospho-
kinase C inhibitor (Calphostin C 100 nM) before adding
mADbHE8.

2.11. Electrophysiological measurements

Cardiomyocytes were isolated using a collagenase,/pro-
tease digestion technique described elsewhere (Le Guen-
nec et a., 1993). Dissociated cells were placed in a 1 mi
chamber on the stage of an inverted microscope (Nikon,
Diaphot 300, Japan). The chamber was continuously per-
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Fig. 1. Specificity of the anti-B,-H19C response. (A) Titration of the serum of the mouse used for the hybridoma production. The enzyme immunoassay
was performed on the free peptides, 3,-H19C (O-0O), B,-H19C (@-@® ), B,-H26Q (a-4), B,-H26R (a-a) directly absorbed on the microwell titre
plates by subsequent incubation with the anti-B,-H19C peptide mouse polyclonal antiserum and a peroxidase conjugated donkey anti-mouse IgG H + L.
(B) Peptide specificity of monoclonal antibody mAb6H8. The titration curves for the ascitic fluid of mAb6H8 on peptides 3,-H19C (O-0O), B;-H19C
(@-®), 3,-H26Q (a-2), B-H26R (a-4a), M2 (O-0), P23 (m-m). The enzyme immunoassay was performed on the free peptides directly absorbed
on the microwell titre plates by subsequent incubation with the ascitic fluid at different dilution and a peroxidase conjugated donkey anti-mouse 1gG
H + L. (C) Peptide specificity of monoclonal antibody mAb5D9. The titration curves for the ascitic fluid of mAb5D9 on peptides B,-H19C (O-O),
B1-H19C (@-@®), B,-H26Q (A-2), B;-H26R (a-4a), M2 (O-0O), P23 (m-m). The enzyme immunoassay was performed on the free peptides directly
absorbed on the microwell titre plates by subsequent incubation with the ascitic fluid at different dilution and a peroxidase conjugated donkey anti-mouse

IgG H+ L.
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fused at arate of 1 ml /min with Tyrode’'s normal solution.
The composition of this solution was (in mM): NaCl, 140;
KCl, 5.4, 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): tetraethyl-
ammonium chloride (TEACI), 140; CsCl, 6; HEPES, 10;
CaCl,, 1.8; MgCl,, 1 and glucose, 10. The pH was
adjusted to 7.3 with tetraethylammonium hydroxide
(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.

A

127

The patch pipettes (2—4 M Q) were fabricated with borosil-
icate glass. Pipettes were filled with (in mM): CsCl, 130;
HEPES, 11; EGTA, 10; Tris-GTP, 1 and Mg?*-ATP, 5.
The pH was adjusted to 7.3 with CsOH. After the forma-
tion of a gigaseal (4—10 G()) between the cell membrane
and the pipette and rupturing of the membrane patch,
whole cell L-type Ca®* currents (I,) 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 used to evaluate |-, density
(pA /pF). Currents were recorded using a RK300 Patch
and Cell Clamp amplifier (Biologic, Meylan, France) con-

Peptide sequence mAb
5D9 6HS8 11E12
HWYRATHQE +++ +++
WYRATHQEA +++ +++
YRATHQEAT +++ -
RATHQEAIN + -
ATHQEAINC - -
THQEAINCY - -
HQEAINCYA - -
QEAINCYAN - -
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Fig. 2. Peptide mapping of the epitopes. (A) Identification of the peptide epitopes of mMAb5D9 and mAbBHS8. Overlapping nonapeptides covering residues
172—-190 from the sequence of the human B,-adrenergic receptor were prepared according to the Spot method of peptide synthesis on cellulose membranes
(Frank, 1992, Molina et al., 1996) and reacted with mAbBH8 or mAb5D9, or mAb 11E12 as a control. The intensity of the coloration developed on
reactive spots is indicated by the number of ‘ +’; a faint coloration was observed for some peptides (indicated by ‘ +) which was due to cross-reactivity
with the alkaline phosphatase conjugated anti-mouse antibody used as a secondary antibody. (B) Identification of residues important for recognition of
peptide Trp-Tyr-Arg-Ala-Thr-His-GIn-Glu by mAb6H8. A set of analogs of the sequence in which each residue was in turn changed into alanine was
prepared by the Spot method and reacted with 5 g,/ ml mAb6H8. After the colored reaction had developed; the membrane was scanned (upper panel), and
the intensity of the color on each spots was measured as described (Molina et a., 1996). The lower panel is a diagram of the intensity of each spot relative

to the color of the reference peptide.
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Fig. 3. Chronotropic effects of the two monoclonal antibodies mAb6H8
and mAb5D9 on cultured neonatal rat cardiomyocytes. Basal rate beating
frequency of neonatal rat cardiomyocytes in culture was determined as
described in Section 2. Substances indicated (see Y-axes) were added to
neonatal rat cardiomyocytes cumulatively. The increase or decrease in
beating frequency was determined as the difference between beating
frequency 15 min after treatment and the spontaneous beating rate.
Means+ SEM of 16 to 30 different measurements were used for calcula-
tion of the values. (A) B,-adrenoceptor agonist-like chronotropic effect of
the monoclonal antibody mAb6H8 on cultured neonatal rat cardiomy-
ocytes. The B,-adrenergic response is demonstrated by the effect of the
selective B,-agonist clenbuterol (1 wM). The effect of mAb6H8 was
tested using the ascitic fluid at a dilution of 1:1000.The beating frequency
was measured 15 min after the addition of the antibody. This effect was
completely blocked 5 min after the addition of 10 nM ICl 118,551. The
effect of the monoclonal antibody (1:1000) was neutralized by the
preincubation of mAb6H8 with the peptide 8,-H19C (50 wg,/ml) for 1 h
at 37°C. (B) Effect of the monoclonal antibody mAb5D9 on cultured
neonatal rat cardiomyocytes mAb5D9 (ascitic fluid at a 1,/1000 dilution)
shows a global positive chronotropic effect which had a muscarinic
receptor component (as shown by its increase in beating rate after
blocking of the muscarinic component with 1 wM atropine), a 8;-adren-
ergic component (as shown by the partial blocking effect of the B;-
antagonist 1 M bisoprolal) and a B,-adrenergic component (as shown
by the blocking effect of the B,-antagonist 10 nM 1CI118,551. * p < 0.05
mAD5D9 in presence and absence of atropin. * * * p < 0.001 mAb5D9 in
presence of atropine compared to presence of bisoprolol; mAb5D9 inpres-
nce of atropin and bisoprolol compared to presence of 1C1118,551.

nected 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 subsegquent analy-
sis with pClamp software. The cacium currents were
measured as the difference between inward peak current
and the current at the end of the depolarization pulse.

To study the transduction pathway, cardiomyocyteswere
perfused with the phosphokinase A inhibitor RPCAMPS (1

mM) until reaching of equilibrium previously to addition
of 13 nM mADb6HS in the extrapipette medium.

3. Results
3.1. Peptide specificity of monoclonal antibodies

As shown in Fig. 1A, the serum of the mouse used for
hybridoma production showed a highly specific and highly
pronounced response against the immunogenic peptide 3,-
H19C. Although the polyclonal response was high, only
two clones could be conserved until subcloning and am-
plification (MAb6H8 and mAb5D9). While the specificity
of mAb6H8 corresponded to the polyclonal response,
mADb5D9 showed a heteroclitic response towards 8;-H19C
which is the peptide eguivalent to B,-H19C from the
B,-adrenoceptor (Fig. 1B). Interestingly, mAb6H8 did not
recognize the non-truncated 3,-H26Q peptide correspond-
ing to the second extracellular loop of the B,-adrenoceptor
but was monospecific for the immunizing peptide B,-
H19C. In contrast, the mAb5D9 similarly recognized the
truncated ( 8;-H19C and fB,-H19C) and non-truncated
(B,-H26R and B,-H26Q) peptides corresponding to the
second extracellular loop of the B;- and the B,-adrenocep-
tors respectively (Fig. 1B). The non-specificity of mAb5D9
was confirmed by its ability to recognize the peptide
corresponding to the second extracellular loop of the mus-
carinic M2 receptor (Fig. 1C). Its lack of specificity is
compatible with the fact that it is an IgM while mAb6H8
isan 1gG,;.

The fine specificity of the two antibodies was assessed
by epitope mapping using overlapping peptides from the
sequence of B,-H19C. MAbGHS recognition was restricted
to the two first nonapeptides, therefore mapping the epi-
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Fig. 4. Physico—chemical parameters of antibody-peptide interactions as
measured by surface plasmon resonance. Observed association rates
(Kgps) as a function of antibody concentration. The k,,, were calculated
from the sensorgrams using model 4 in the BIAevaluation procedure. The
slope of the linear fit corresponds to the bimolecular association rate
constant (k,,); the scission point with the Y-axis to the dissociation rate
constant (K;).
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tope to residues Trp-Tyr-Arg-AlaThr-His-GIn-Glu while
the mAb5D9 recognized four overlapping peptides thus
indicating that this mAb binds to epitope Arg-Ala-Thr-His-
GIn-Glu. It also weakly recognized a control peptide (Asn-
Tyr-Arg-Ala-Tyr-Ala-Thr-Glu-Pro-His-Ala-Lys) (Fig. 2A).

Differences in specificity of the two mAb are also
reflected in the agonist-like effects of ascitic fluids of both
monoclonals. While Mab6H8 induced a specific 3,-adren-
ergic response in neonatal rat cardiomyocytes in culture,
Mab5D9 exerted a positive chronotropic effect, recogniz-
ing the B,-adrenoceptor (as shown by the partial blocking
effect of the B;-antagonist bisoprolol) and the 8,-adrenoc-
eptor (as shown by the blocking effect of the 3,-antagonist
ICI1118,551) which was influenced by a moderate mus-
carinic effect (as shown by its increase after blocking of
the muscarinic M2 receptor with atropine) (Fig. 3). In view
of the monospecificity of mADb6HS8, it was decided to
analyze further its properties using affinity purified mono-
clonal antibody mAb6HS.

The fine epitope specificity of mAb6H8 antibody was
assessed by alanine scanning of the sequence Trp-Tyr-Arg-
Ala-Thr-His-GIn-Glu identified by peptide scanning, (Fig.
2B). When the N-terminal tryptophane was replaced with
an aanine, the modified peptide was no longer recognized,
indicating that the tryptophane side chain was essential for
the antibody recognition. The replacement of the C-termi-
nal glutamic acid resulted in a dight decrease of antibody
recognition (Fig. 2B), suggesting that the epitope has a
non-sequential structure.

Counts

1
FL1-Height

Fig. 5. FACS scan analysis of the A431 cell line immunostaining by the
affinity purified mAb6H8. Intact A431 human epidermoid cells express-
ing the B,-adrenoceptor were incubated in suspension for 1 h at 4°C in
PBS containing (black) or not (white) the affinity purified monoclonal
antibody mAb6H8 (260 nM). After washing by centrifugation, fluores-
cein isothiocyanate (FITC)-conjugated goat anti-mouse 1gG (Sigma) di-
luted 1,/100 (v/v), was added to the cells. After 1 h of incubation, the
cells were washed three times, fixed with 2% (v/v) formaldehyde, and
analyzed on a FACScan using the LY SIS program (Becton Dickinson).

Table 2
Radioligand binding assay of [*H]-CGP12,177 on guinea-pig lung mem-
branes

Bnax (fmol /protein mg) Kg (pM)
control 158+ 9 230+ 27
MAb6H8 151+8 234+20

Saturation binding isotherms were obtained by incubating lung mem-
branes, preincubated for 5 h at 4°C with 260 nM of affinity purified
Mab6H8 or without (control), during 1 h at room temperature with
varying concentration of [®H]-CGP12,177 (0.0625—4 nM).

Specific binding was defined as that displaced by 10 uM (—) propra
nolol.

The saturation binding variables B, and K, were determined from the
commercially available computer assisted programs EBDA and LIGAND,
of Munson and Rothbard as adapted for the Macintosh by MacPherson
(1985).

3.2. Physico—chemical parameters of the peptide—antibody
interaction

The kinetic equilibrium constants were determined us-
ing the biotinylated peptide immobilized on a streptavidin
coated on a CM5 chip in the BIAcore sensor. As shown in
Fig. 4, the interaction corresponded to a pseu-
domonomolecular interaction yielding a k.. (observed
association constant) linearly with the antibody concentra-
tion, except at the highest dose were a saturation process
starts (Altschuh et al., 1992). The slope of the plot yielded
a bimolecular association rate constant (k,,) of 1.7 x 10°
M ™1 s71 and the scission point with the Y-axis a dissocia-
tion rate constant (k) of 0.0017 s™*. The affinity con-
stant K, calculated as the ratio k., /Ky Was 0.96 X 108
ML,

3.3. Receptor recognition by Mab6H8

The antibody did not recognize the denatured receptor
in immunoblots either on A431 cells or on membranes of
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Fig. 6. Dose dependence of the B,-adrenergic stimulation by the mono-
clonal antibody mAb6H8. Beating frequency of neonatal rat cardiomy-
ocytes in serum free medium culture was determined as described in
Section 2. Each point represents the mean beating rate of 10 different
cardiomyocytes clusters. This figure is representative of three different
experiments. The affinity purified monoclona antibody mAb6H8 was
added cumulatively at various dilutions. Every 15 min after the addition
of a new dilution, the increase in beating rate was counted.
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rat neonatal cardiomyocytes. In contrast, a specific im-
munofluorescence could be observed on A431 cells, which
express a high amount of 3,-adrenoceptors (Fig. 5).

To study the pharmacological effect of mAb6H8, mem-
branes of guinea pig lungs were used in a radioligand
binding assay with *[H]-CGP12,177. The antibody did not
change either the affinity of the radioligand or the maximal
binding sites even at concentrations which were 10 times
higher than the affinity constant calculated for the pep-
tide—antibody interaction (Table 2). In contrast, the anti-
body exerted a dose-dependent agonist-like effect on the
spontaneous beating rate of neonatal rat cardiomyocytes
(Fig. 6). The EC,, (the dose resulting in 50% of the
maximal response) calculated from the curve was 8 nM, a
concentration similar to the dissociation constant calcu-
lated for the peptide—antibody interaction. As shown in
Fig. 3, the agonist-like effect of the antibody is specific for
the combining site (since it can be blocked by preincuba-
tion with the target peptide) and for the B,-adrenoceptor
(sinceit can be blocked with the B,-antagonist 1C1118,551).
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Fig. 7. Effects of affinity purified monoclonal antibody mAb6H8 on
calcium currents (Ig,) of ventricular guinea-pig cardiomyocytes. (A)
Time course of |, density in the same cell after the successive applica-
tion of (1) the affinity purified mAbBH8 (13 nM),(2) the B,-antagonist
(ICI 118,551 10 nM) and (3) under control condition (control): The
increase in I, observed during mAb6H8 application is completely
reversed by the application of ICI 118,551. (B) Time course of I,
density in the same cell under control conditions (control) and after the
application of the affinity purified monoclonal antibody mAb6H8 13 nM
preincubated for 1 h at 37°C with the peptide B,-H19C 50 wg/ml
(6H8+ B,-H19C). The preincubation of the mAb6H8 with the peptide
completely abolishes the specific increase of 1, mediated by the anti-
body alone as seen in Fig. 6.
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Fig. 8. cAMP dependency of the agonist-like effect of mAb6H8. Upper
panel: Inhibition of the antibody effect on activation of Ca*? channelsin
isolated guinea-pig cardiomyocytes. Cardiomyocytes were preincubated
with 1 mM of RPcAMPS to equilibrium before extracellularly adding the
antibody. No activation could be demonstrated. Lower panel: Inhibition
of the antibody effect on neonatal rat cardiomyocytes. Increase in beating
frequency with the antibody was assessed in presence of the phosphoki-
nase A inhibitor RPcAMPS (50 uM) or the phosphokinase C inhibitor
Calphostin (100 nM). RPcAMPS showed an inhibitory effect while
Calphostin did not significantly change the antibody effect.

The positive chronotropic effect of B-adrenoceptor ago-
nists may be explained by the entry of Ca?* ions after
CAMP dependent activation of L-type Ca?* channels
(Hartzell, 1988). Using a whole cell patch-clamp technique
on adult guinea-pig cardiomyocytes, it could be verified
that the antibody was able to activate L-type Ca?* chan-
nels by means of the B,-adrenoceptor, as measured by the
inhibitory activity of the B,-antagonist 1CI118,551 (Fig.
7.

That cardiomyocyte stimulation by mAb6H8 was cAMP
dependent could be demonstrated by the inhibitory effect
of the phosphokinase A inhibitor RPCAMPS both on beat-
ing frequency of neonatal rat cardiomyocytes and Ca?*
channel activation in guinea-pig cardiomyocytes (Fig. 8).

4, Discussion

Autoantibodies against G-protein-coupled receptors with
agonist-like activity have been shown to occur in severa
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cardiovascular diseases and are mainly but not exclusively
directed against the second extracellular loop of those
receptors (Hoebeke, 1995). The induction of cardiomyo-
pathic changes in rabbits immunized with peptides corre-
sponding to this domain of the B;-adrenoceptor and the
muscarinic M2 receptor suggests that these autoantibodies
could play a role in the pathogenesis of this disease
(Matsui et al., 1997). Monoclona antibodies, sharing the
agonist-like properties of those autoantibodies could be
used to define the structural basis of the antibody effects as
well as to study their in vivo effects by passive transfer.
We describe here the structural and physiological charac-
teristics of such a monoclonal antibody directed against the
B,-adrenoceptor.

In the same fusion, a hybridoma was obtained secreting
an 1gM recognizing structurally and functionaly the S;-
and B,-adrenoceptor together with the muscarinic M2
receptor. These results are compatible with the existence of
autoantibodies reacting with multiple receptors in sera of
patients with Chagas' cardiomyopathy (Elies et a., 1996)
or in mice infected with the causative parasite, T. cruz
(Mijares et a., 1996a). The heteroclitic IgM response
reflects the plasticity of the primary immune response
against the highly antigenic second extracellular domain of
G protein-coupled receptors. The multivalency of this anti-
body and its relative non-specificity excluded it for further
structural studies.

Interestingly, the 1gG1 mAb6H8 was specific for the
truncated peptide corresponding to the 19 N-terminal amino
acids of the second extracellular loop of the B,-adrenocep-
tor and did not recognize the peptide corresponding to the
whole loop. This suggests that the recognized epitope,
which was defined as Trp-Tyr-Arg-Ala-Thr-His-GIn-Glu
by peptide scanning, has a different conformation in the
short compared to the long peptide. The conformational
nature of the epitope recognized is also suggested by
alanine replacement studies in which the N-terminal Trp
was shown to be essential and the C-terminal Glu impor-
tant. These results suggest that the amino acids Trp, Ala,
Thr and Glu belong to the same continuous surface when
the peptide is constructed as an a-helix (Fig. 9). Modifica-
tion of Alato Gly or Thr to Ala has only a minor effect
due to the size of the side-chain. Thisisin accordance with
the results of Kobilka and colleagues, showing that the
a-helix content of the B,-adrenoceptor is much higher than
that expected by the seven transmembrane helices aone
(Lin et a., 1996).

That the epitope could have an a-helix structure in the
receptor is also suggested by the absence of recognition of
the denatured receptor in immunoblot experiments while it
is recognized as native on A431 cells, expressing a high
amount of B,-adrenoceptors. These results are in accor-
dance with several studies, showing that antibodies di-
rected against the second extracellular loop of G-protein-
coupled receptors, are unable to recognize the receptor in
immunoblot but recognize the native receptor in intact

Y

Fig. 9. a-helix structure of the recognized B cell epitope. The amino
acids are Situated at an angle of 100° as for a right-handed a-helix. The
helix starts with the large-sized symbols (H,W,Y,R) continues with the
medium-sized symbols (A, T,H,Q) and ends with the lower-sized symbols
(E,A,N,Q). The amino acid most proximal to the essential W residue is
the E residue. The two other residues situated in the same plane are A and
T.

cells (Teufd et al., 1993; Guillaume et al., 1994; Verdot et
al., 1995).

Further confirmation that the conformation recognized
on the peptide is also present on the receptor is given by
the comparison of the K, of the peptide—antibody interac-
tion which is approximately 10 nM and the effective
concentration necessary to induce 50% of the agonist-like
effect which is about 8 nM. Since, on the other hand, the
association rate constant of the peptide—antibody interac-
tion (1.7 X 10° M1 s™1) corresponds to values for such
interactions, as measured with the BIAcore (Altschuh et
al., 1992), induction of large conformational changes upon
peptide—antibody and probably receptor—antibody interac-
tions are unlikely.

The agonist-like effect of the antibody was further
considered. Indeed, it was previoudy shown that poly-
clonal antibodies directed against the second extracellular
loop of the B,-adrenoceptor probably act through activa
tion of L-type Ca?" channels (Mijares et al., 1996b). This
activation of L-type Ca®" channels by a cAMP dependent
kinase (Tsien et al., 1986; Hartzell, 1988) may result from
the increase in cAMP produced by the activation of adeny-
lyl cyclase by the antibody—receptor complex. mAb6H8
had a similar effect which could be blocked by the B,-
antagonist 1C1118,551 excluding a non-specific effect on
the channel itself or on the membrane of the target cell.
The mechanism by which the mAb6HS8 acts is thus likely
the stabilization of an active conformation of the receptor,
similar to what was found for the polyclona antibodies
(Mijares et al., 1996b). This conformation is able to stimu-
late the normal signal transduction pathway of the S,-
adrenoceptor, leading to cCAMP dependent phosphokinase
A activation, as shown by the inhibitory activity of the
CAMP analog, RPcAMPS.,

In view of a previous report, describing a monoclonal
antibody against the second extracellular loop, which de-
creased in a non-competitive manner the binding of a
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radioligand to the receptor (Guillet et al., 1992), the phar-
macological properties of mMAb6H8 were assessed upon
radioligand binding to guinea pig lung membranes. No
inhibition of binding could be observed. It is worthwhile to
mention that the epitope, recognized by the pharmacol ogi-
cally active monoclonal antibody described by Guillet et
al. (1992), was determined as Ala-lle-Asn-Cys-Tyr (non-
published data). As for antibodies with radioligand binding
inhibitory properties against other G-protein-coupled re-
ceptors (Abd Alla et al., 1996), the cysteine seems an
essential amino acid in the recognized epitope. Alterna-
tively, the discrimination of epitopes recognized by anti-
bodies with agonist-like activity without effect on radioli-
gand binding has been described for the muscarinic M2
receptor (Fu et al., 1995). Further investigations are cur-
rently performed to study the effect of mAb6HS8 on bind-
ing of inverse agonists, neutral antagonists, partial agonists
and full agonists. These results will help to specify what
active conformation is stabilized by the antibody, taking
into account the multi-state receptor conformations pro-
posed by Kenakin (1996).

To summarize, the complete characterization of
mMADbG6HS8, described here has increased our knowledge
about the structure of the B,-adrenoceptor and given us a
highly specific tool to further analyze the mechanisms by
which antibodies against G-protein-coupled receptors exert
their effects.
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