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SUMMARY

Exposure of rat heart muscle cells to noradrenaline (1 �M) for 48
hr led to a decrease in the number of fl1-adrenoceptors of 50%
and a concomitant decrease in adenylyl cyclase stimulation by
isoprenaline and forskolin of about 60 and 30%, respectively. In
addition, the levels of two inhibitory guanine nucleotide-binding
protein (G protein) a-subunits (Ga40 and G�41) were increased in
membranes of noradrenaline-treated cells. Evidence is presented
that noradrenaline induces this increase by activation of /3-adre-
noceptors. First, the noradrenaline action was mimicked by the
�9-adrenoceptor agonist isoprenaline. Second, f�-adrenoceptor
blockade by timolol but not a-adrenoceptor blockade by prazosin
prevented the noradrenaline-induced up-regulation of G� pro-
teins. Furthermore, timolol but not prazosin abolished the nor-
adrenaline-induced down-regulation of fl1-adrenoceptors and the
decreases in receptor-dependent (isoprenaline) and -independent
(forskolin) adenylyl cyclase stimulation. The specific protein syn-
thesis inhibitor Pseudomonas exotoxin A was used to study
whether the noradrenaline-induced up-regulation of G a-subunits
depends on increased synthesis of these proteins. This toxin
inhibits peptide chain elongation by ADP-ribosylating elongation

factor 2. Treatment of rat heart muscle cells with Pseudomonas
exotoxin A (1 ng/ml) completely prevented the noradrenaline-
induced increase in G� proteins, measured by both pertussis
toxin-catalyzed ADP-ribosylation and immunoblotting with anti-
G� antibodies. Most importantly, Pseudomonas exotoxin A also
completely prevented the noradrenaline-induced decrease in for-
skolin-stimulated adenylyl cyclase activity. Furthermore, the nor-
adrenaline-induced decrease in isoprenaline-stimulated adenylyl
cyclase activity was significantly attenuated by the toxin, al-
though the down-regulation of fl1-adrenoceptors caused by nor-
adrenaline treatment was not affected. The data presented sug-
gest that prolonged activation of 13-adrenoceptors in rat heart
muscle cells, in addition to causing a receptor down-regulation,
induces the synthesis of G� proteins, which then apparently
mediate a decreased adenylyl cyclase responsiveness. The data,
additionally, suggest that the synthesis of G,, proteins is under
control of the activity of the adenylyl cyclase system and that
altered levels of these proteins may play a major role in long
term regulation of signal transduction by this enzyme.

Long term exposure of cultured rat heart muscle cells to

noradrenaline causes a down-regulation of fl-adrenoceptors and

a decrease in �3-adrenoceptor-dependent and -independent

cyclic AMP accumulation (1). As recently reported, similar

changes are observed when adenylyl cyclase activities are stud-

ied in membranes of noradrenaline-treated rat heart muscle

cells (2). Most interestingly, the noradrenaline-induced de-

crease in adenylyl cyclase responsiveness was pentussis toxin

sensitive and was accompanied by a marked increase in plasma

membrane G protein a-subunits. Functional alterations similar

to those observed in rat heart muscle cells were reported to

This work was supported by the Deutsche Forschungsgemeinschaft (SFB 320

and We 1230/1-1).

occur in membrane preparations of severely failing human

hearts. In addition to a down-regulation of fl-adrenoceptors,

adenylyl cyclase stimulation by fl-adrenocepton agonists and

receptor-independent adenylyl cyclase stimulatons is reduced

in hearts of these patients (3, 4). Furthermore, in hearts from

patients with dilated cardiomyopathy, an increased level of G,,

proteins was reported (4-6). These similarities suggested that

the increase in G, a-subunits observed in severely failing human

hearts may also be due to a prolonged exposure of the hearts

to increased nonadrenaline concentrations, which are known to

be elevated in these patients (7).

Cultured rat heart muscle cells contain both a1- and fly-
adrenoceptors, with the number of a1-adrenoceptors exceeding

ABBREVIATIONS: G�, inhibitory guanine nucleotide-binding protein associated with adenylyl cyclase; G protein, guanine nucleotide-binding protein;
G5, stimulatory guanine nucleotide-binding protein associated with adenylyl cyclase; G,, transducin, a G protein found in retinal rod outer segments;

G0 a guanine nucleotide-binding protein of unknown function in brain; SOS, sodium dodecyl sulfate; CGP 1 21 77, (4-3-tert-butylamino-2-hydroxypro-
poxy)-benzimidazol-2-one hydrochloride; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol bis (�3-aminoethylether)-

N,N,N’ ,N’-tetraacetic acid.
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that of fl�-adrenoceptons by a factor of 2 to 3 (8). Thus, it was

necessary to establish, first, by activation of which type of

adrenoceptors noradnenaline induces the increase in G,, pro-

teins and, second, whether the same type of adrenoceptors is

also responsible for the decrease in receptor-independent ad-

enylyl cyclase stimulation after nonadnenaline treatment. Fur-

thermone, we wanted to know whether the increase in G,,

proteins observed in plasma membranes of cells treated with

noradrenaline is due to increased synthesis of the proteins or,

for example, to a translocation from intracellular compart-

ments into the plasma membrane. Finally, it was of major

interest to study whether blockade of the up-regulation of G,,

proteins would also prevent the noradrenaline-induced decrease

in adenylyl cyclase responsiveness. We report here that both

f�-adrenoceptor blockade and specific protein synthesis inhibi-

tion by Pseudomonas exotoxin A prevent the noradrenaline-

induced increase in G1 a-subunits and the noradrenaline-in-

duced decrease in receptor-independent adenylyl cyclase stim-

ulation.

Experimental Procedures

Materials. ATP, GTP, cyclic AMP, creatine kinase, and iron-

saturated transferrin were from Boehringer Mannheim (Mannheim,
FRG). Creatine phosphate, dexamethasone, gelatin (G 0510), bovine

insulin, 3-isobutyl- 1 -methylxanthine, isoprenaline, (-)-timolol, nor-

adrenaline, and molecular weight markers (SDS-6H) were from Sigma

(Deisenhofen, FRG). Trypsin, bovine serum albumin, Coomassie bril-
liant blue R 250, and reagents for SDS-polyacrylamide gel electropho-
resis were from Serva (Heidelberg, FRG). Collagenase (125-250 units!

mg, CLS II; Worthington), fetal calf serum, horse serum, and CMRL

1415 ATM medium were from Biochrom (Berlin, FRG). Nitrocellulose

membranes (BA 85) were from Schleicher and Sch#{252}ll(Dassel, FRG).

Peroxidase-conjugated goat anti-rabbit IgG was from Kirkegaard and
Perry (Gaithersburg, MD). Centricon 10 microconcentrators were from

Amicon (Witten, FRG). Pertussis toxin was purified as described by
Gierschik et at. (9). (-)-[3H]CGP 12177 (44 Ci/mmol) and L-[4,5-3H]

leucine (146 Ci/mmol) were purchased from Amersham Buchler
(Braunschweig, FRG). [cs-32P]ATP was obtained from New England
Nuclear (Dreieich, FRG). [32P]NAD was prepared from [cs-32P]ATP as

described by Cassel and Pfeuffer (10). Pseudomonas exotoxin A was
obtained from Swiss Serum and Vaccine Institute (Bern, Switzerland)

and was dissolved in 100 mM Tris.HC1, pH 8.1, for a stock concentra-
tion of 100 �sg/ml. Forskolin was kindly donated by Dr. H. Metzger,

Hoechst AG (Frankfurt, FRG) and was dissolved in absolute ethanol
for a stock concentration of 10 mM. Prazosin was a gift from Pfizer

(Karlsruhe, FRG). The C-terminal decapeptide of a� was kindly sup-

plied by Prof. U. Weber (TUbingen, FRG). All other reagents were from
commercial sources and of the highest purity available.

Cell culture technique and preparation of cytoplasmic frac-
tions or membranes. Preparation and culturing of rat heart muscle
cells have been described in detail previously (11). In brief, the proce-
dures are as follows: preparation of hearts from 30-100 1- to 5-day-old
neonatal rats under sterile conditions; disaggregation of heart tissue at
37� with a trypsin (0.12%)/collagenase (0.03%) salt solution (Ca2�- and

Mg’�-free); and seeding of the cells (1-2 x 10� cells/cm2) in Nunclon

plastic flasks (Nunclon Plastics, Roskilde, Denmark) in CMRL 1415

ATM medium supplemented with 10% fetal calf serum, 10% horse
serum, and 0.02 mg/ml gentamycin. Serum-containing medium was
replaced after 24 hr of culture by a serum-free culture medium (CMRL

1415 ATM medium containing 2 �aM insulin, 0.1 � dexamethasone,

0.4 �tM iron-saturated transferrin, and 0.4 �M bovine serum albumin)

supplemented with 1 mM ascorbic acid and 10 mM HEPES, pH 7.4.

The cells were cultured for 48 or 60 hr in the presence of the indicated

additions, with daily medium changes. Noradrenaline decomposed by

less than 20% within 24 h, as tested by high pressure liquid chroma-

tography with fluorimetric detection. After the culture period, cell-

bound noradrenaline was removed by washing the cells three times

with 5 ml of ice-cold buffer A [20 mM Tris . HC1, pH 8.0, 1 mM EDTA,

1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride (0.6 M stock

solution in dimethylsulfoxide)]. Thereafter, the cells were removed

from the plastic culture flasks by scraping and were homogenized in

ice-cold buffer A with a glass homogenizer (Braun, Melsungen, FRG)

(10 strokes). The homogenates were centrifuged at 40,000 x g for 30

mm at 4� . For preparation of cytoplasmic fractions, the supernatants
were centrifuged three times in Centricon 10 microconcentrators at

5000 x g for 1 hr at 4�, then diluted in buffer A, frozen in liquid

nitrogen, and stored at -70� . To obtain crude membrane preparations,
the pellets were resuspended with a syringe needle in buffer A and
diluted to a concentration of 3-6 mg/ml. For preparation of purified

membranes, the suspensions of crude membranes were centrifuged
through a discontinuous sucrose density gradient, consisting of 25%

and 30% sucrose (w/w), at 100,000 x g for 2 hr and the membranes at

the buffer/25% sucrose interface were collected (2). Crude and purified

membranes were snap frozen in liquid nitrogen and stored at -70�.
Protein concentrations were determined as described by Bradford (12),

using bovine IgG as a standard.

[3HJCGP 12177 binding assay. Binding of the antagonist [3H]

CGP 12177 to the different membrane preparations was performed in

a reaction mixture (400 Ml) containing 50 mM Tris . HCI, pH 7.5, 5 mM

MgC12, and 2.5 nM [3H]CGP 12177 (2.5 x iO� cpm/tube). The incuba-

tion was started by addition ofthe crude membranes (200-400 zg/tube)

and was carried out for 45 mm at 37� . Under these conditions, binding

equilibrium was obtained. The reaction was terminated by the addition
of ice-cold incubation buffer, followed by rapid filtration through

Whatman GF/C glass fiber filters and subsequent washing of the filters
with 15 ml of incubation buffer. Nonspecific binding was determined

in the presence of 10 MM timolol and amounted to 20-30% of total

binding at 2.5 nM [3H]CGP 12177. The assays were performed in

triplicate and were repeated at least twice, with similar results. Rep-
resentative experiments are shown with the individual experimental

error.
Adenylyl cyclase assay. The adenylyl cyclase activity of crude

heart muscle cell membranes was determined in a reaction mixture
containing 50 pM [n-�2P]ATP (0.2 MCi/tube), 5 mM MgC12. 0.1 mM

EGTA, 1 mM dithiothreitol, 0.1 mM cyclic AMP, 1 mM 3-isobutyl-

methylxanthine, 5 mM creatine phosphate, 0.4 mg/ml creatine kinase,

and the additions indicated, in 50 mM triethanolamine . HC1, pH 7.4,

in a total volume of 100 �zl. After thermal preequilibration of the
reaction mixture, including the adenylyl cyclase stimulators, for 5 mm

at 30�, the reaction was started by addition of the membranes (100 �sg)

and was allowed to proceed for 10 mm at 30�. Termination of the

reaction and isolation of the cyclic AMP formed were carried out as
described (13). Adenylyl cyclase activity was measured in triplicate,
and each experiment shown herein was repeated at least twice using

different membrane preparations, with similar results being obtained.

Representative experiments are shown with the individual experimen-
tal error.

Pertussis toxin-catalyzed ADP-ribosylation. Pertussis toxin
was preactivated in 100 mM Tris . HC1, pH 8.0, with 50 mM dithiothre-

itol for 1 hr at room temperature. The activated toxin, at a final

concentration of 29 �g/ml was then added to a reaction mixture (final

volume, 50 �zl) containing 30-45 �cg of purified membrane protein, 100

mM Tris.HC1, pH 8.0, 25 mM dithiothreitol, 2 mM ATP, and 50 nM

[32P]NAD (1 �zCi/tube). The reaction mixture was incubated for 1 hr

at 37� and the reaction was terminated by the addition of SDS sample

buffer (14) and subsequent heating for 5 mm at 95�. SDS-polyacryl-
amide gel electrophoresis and autoradiography were performed as de-

scribed (15). Where indicated, the resolving gel was supplemented with

4 M deionized urea. Quantitation of [32P]ADP-ribose incorporation was

performed by cutting the bands out from the dried gel, as previously

described (16). Densitometric determination of the intensity of the

radiolabeling was performed using a LKB Bromma 2202 Ultroscan
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laser densitometer (M#{252}nchen, FRG) with a Hewlett Packard 3390 A

integrator. Similar results were obtained with both methods. Staining

of the gels with Coomassie blue was carried out as described (15).

Pseudomonas exotoxin A-catalyzed ADP-ribosylation. Pseu-

domonas exotoxin A-mediated radiolabeling of rat heart muscle cell
cytoplasmic fractions was performed by activating toxin in 300 mM

dithiothreitol for 30 mm at room temperature (17). The activated toxin

(15 .ag/ml) or an equivalent amount of buffer for “no toxin” control

was then added to a reaction mixture containing 80 �g of cytoplasmic
fractions, 20 mM Tris.HC1, pH 8.1, 1 mM EDTA, and 50 nM [32P]NAD

(1 �sCi/tube). The reaction mixture was incubated for 1 hr at 37’, and
the reaction was terminated by the addition of SDS sample buffer and

heating for 5 mm at 95’.

Immunoblotting. After SDS-polyacrylamide gel electrophoresis,
proteins were transferred from the gels to nitrocellulose membranes,
with a constant current (125 mA), for 12 hr in a Bio-Rad transblot

apparatus (15). Thereafter, the membranes were incubated in 20 mM

Tris.HC1, pH 7.5, 500 mM NaC1, with 3% gelatin to block nonspecific

protein binding. The membranes were then incubated for 24 hr at room

temperature in the same buffer containing 1% gelatin and the various
rabbit antisera. After being washed, the membranes were incubated in

20 mM Tris.HC1, pH 7.5, 500 mM NaCl, with 1% gelatin and a second

antibody (1 �sg of peroxidase-conjugated goat anti-rabbit IgG/ml), for

2 hr at room temperature. After repeated washings, the papers were

stained in 16.6 mM Tris.HCI, pH 7.5, 415 mM NaCl, 16% (v/v)

methanol, 0.015% H202, 0.5 mg/ml 4-chloro-1-naphtol, for 10 mm at
room temperature. Antiserum DS/4 was generated by immunizing

rabbits with the C-terminal decapeptide of at coupled to keyhole limpet
hemocyanin, as described (18).

Measurement of protein synthesis. To label cell proteins, the rat

heart muscle cells were incubated for 4 hr at 37’ with [3Hjleucine (0.2
j.�Ci/ml). Thereafter, the cells were washed three times with ice-cold
Tyrode solution. Protein was precipitated with ice-cold 10% (w/v)
trichloroacetic acid. The precipitated material was dissolved in 0.2 M

NaOH before scintillation counting.

Statistical calculations. Statistical significances were calculated
according to the one-sided Student t test for unpaired observations,

with p � 0.05 taken as significant.

Results

Effects of a- and �9-adrenoceptor activation on the
level of G� protein a-subunits. We have recently shown that

treatment of rat heart muscle cells for 3 days with 1 �sM

noradrenaline induces an increase in the level of plasma mem-

bnane G, a-subunits and a concomitant decrease in $-adreno-

ceptor-dependent and -independent adenylyl cyclase stimula-

tion (2). To determine whether the noradrenaline-induced in-

crease in the level of G,, was due to the a- or fl-adrenoceptor

stimulatory effect of nonadrenaline, the influence of a- and f3-

adrenoceptor blockade on the noradrenaline-induced increase

in pertussis toxin-catalyzed ADP-nibosylation was examined

(Fig. 1). The noradnenaline (1 �M, 48 hr)-induced increase in

pertussis toxin-catalyzed [32P]ADP-nibosylation into 40-kDa

proteins was virtually not affected by the a-adrenoceptor an-

tagonist prazosin (1 MM). In contrast, the concomitant presence

of the f�-adrenoceptor antagonist timolol (1 �M) completely

prevented the agonist action. Quantitation of the radioactivity

incorporated into the 40-kDa bands revealed an approximately

70% increase in membranes of noradnenaline- and noradrena-

line- plus prazosin-treated cells versus membranes of control

cells, whereas in membranes of nonadrenaline- plus timolol-

treated cells no difference from control membranes was oh-

served. Both timolol and prazosin, added without noradrena-

line, had no effect by themselves (data not shown).

4OkDa

Con NA NA+ NA+
Pra Tim

Fig. 1. Influence of a- and �-adrenoceptor activation on pertussis toxin-
catalyzed ADP-nbosylation in rat heart muscle cell membranes. Heart
muscle cells were incubated for 48 hr without additions (Con), with 1 �M

noradrenaline(NA), with 1 �zM noradrenaline plus 1 gM prazosin (NA+Pra),
or with 1 �tM noradrenaline plus 1 �M timolol (NA+Tim). The membranes
were purified and subjected to pertussis toxin-catalyzed [�P]ADP-ribo-
sylation and SDS-polyacrylamide gel electrophoresis, as described in
Experimental Procedures. Each lane contained 45 �g of membrane
protein. An autoradiogram of the dried gel is shown. The position of the
pertussis toxin substrates (40 kDa) is indicated on the left.

As recently reported, the noradnenaline-induced increase in

pertussis toxin-catalyzed radiolabeling in membranes of rat

heart muscle cells involves two distinct G,, proteins, a major

40-kDa and a minor 41-kDa protein (2). Therefore, it was

studied whether treatment of the cells with the f3-adrenoceptor

agonist isoprenaline (1 pM) for 48 hr would also induce an

increase in the level of both G,, proteins (Fig. 2). Quantitation

of the labeled 40-kDa bands revealed that, similar to noradren-

aline, exposure of the cells to isoprenaline leads to an increase

in pertussis toxin-catalyzed [t2P]ADP-nibosylation by about

120%. When SDS-polyacrylamide gel electrophonesis of the

pertussis toxin-ADP-ribosylated membranes was performed in

the presence of 4 M urea, an increase in the labeling of both

the 40-kDa and the 41-kDa pertussis toxin substrate was oh-

served in membranes of isoprenaline-treated rat heart muscle

cells. These data, thus, indicate that the noradrenaline-induced

increase in G1,, proteins in rat heart muscle cell membranes is

�-adrenocepton mediated.

Effects of a- and fl-adrenoceptor activation on desen-

sitization of adenylyl cyclase stimulation. In the absence

of noradrenaline, in the culture medium, neither a-adrenocep-

ton blockade by 1 �sM prazosin nor f3-adrenoceptor blockade by

1 �sM timolol had an effect on subsequently measured adenylyl

cyclase stimulation by 100 �tM isoprenaline or 100 �sM forskolin.

Furthermore, [3HICGP 12177 binding measured in membranes

of rat heart muscle cells treated with only prazosin or timolol

was not altered (data not shown). In contrast, exposure of rat

heart muscle cells to nonadrenaline (1 �tM) for 48 hr led to a

decrease in isoprenaline (100 �sM)-stimulated adenylyl cyclase

activity in rat heart muscle cell membranes by 59 ± 5% (mean

± SD, three experiments). In addition, receptor-independent

adenylyl cyclase stimulation by forskolin (100 pM) was dimin-

ished in membranes of noradnenaline-treated cells by 26 ± 1%.
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Con so
Fig. 2. Effect of isoprenaline on pertussis toxin-catalyzed ADP-ribosyla-
tion of two G proteins in rat heart muscle cells. After incubation of rat
heart muscle cells in the absence (Con) or presence of 1 �M isoprenaline
(Iso) for 48 h, purified membranes were prepared. The membranes (30
;zg each) were subjected to pertussis toxin-catalyzed [32P]ADP-ribosyla-
tion. For SOS-polyacrylamide gel electrophoresis, the resolving gel was
supplemented with 4 M urea. An autoradiogram of the dried gel is shown.
The positions of the two pertussis toxin substrates (a�, a��) are indicated
on the right.

Specific binding ofthe $-adrenoceptor antagonist (-)-[3H]CGP

12177 to rat heart cell membranes was reduced in membranes

of noradrenaline-treated cells by about 50% (Table 1). This

decrease in [3H]CGP 12177 binding was due to a decrease in

binding capacity without a change in binding affinity (1, 19).

fl-Adnenoceptor blockade by 1 �tM timolol completely abolished

the noradnenaline-induced decrease in [3H]CGP 12177 binding.

Most important, the concomitant presence of timolol also abol-

ished the noradrenaline-induced decrease in isoprenaline (100

�sM)- and forskolin (100 pM)-stimulated adenylyl cyclase activ-

ities. In contrast, a-adrenoceptor blockade by 1 zM pnazosin

did not prevent either the noradrenaline-mediated decrease in

[3H]CGP 12177-binding or the decrease in isoprenaline- and

forskolin-stimulated adenylyl cyclase activities. These data in-

TABLE 1

dicate that the decrease in [3H]CGP 12177 binding and the

decrease in �3-adrenoceptor-dependent and -independent ad-

enylyl cyclase stimulation observed in membranes of nonadren-

aline-treated cells were due to the $-adrenoceptor stimulatory

effect of the catecholamine.

Pseudomonas exotoxin A-catalyzed ADP-ribosylation

of elongation factor 2. Pseudomonas exotoxin A inhibits

protein synthesis by ADP-nibosylating elongation factor 2 and,

thus, preventing peptide chain elongation (20). In cytoplasmic

preparations of rat heart muscle cells, Pseudomonas exotoxin

A catalyzed the ADP-nibosylation of an approximately 100-
kDa protein, presumably elongation factor 2 (Fig. 3). No other

protein was specifically labeled in the presence of Pseudomonas

exotoxin A either in cytoplasmic fractions or in membranes of

rat heart muscle cells. Incubation of intact rat heart muscle

cells for 60 hr with 1 ng/ml Pseudomonas exotoxin A led to a

marked (� 70%) #{231}lecrease in subsequent [32P]ADP-nibosylation

of rat heart cell cytosol using Pseudomonas exotoxin A and

[32P]NAD (Fig. 3). [3H]Leucine incorporation into cellular pro-

teins was decreased by approximately 30% by this Pseudomonas

exotoxin A (1 ng/ml) treatment (data not shown). Total cellular

protein content and cell viability, measured as spontaneous

contractions, were not altered. Furthermore, the Coomassie

blue-stained gels from membranes of rat heart muscle cells

treated without or with 1 ng/ml Pseudomonas exotoxin A for

60 hr exhibited virtually no difference in the distribution and

density of protein bands. However, when cells were exposed to

higher Pseudomonas exotoxin A concentrations (10 ng/ml), the

subsequently performed Pseudomonas exotoxin A-catalyzed

[32P]ADP-nibosylation was almost prevented. [3H]Leucine in-

corporation into cellular proteins was decreased by more than

50%, and marked alterations in protein patterns in Coomassie

blue-stained gels from these membranes were observed (data

not shown).

Effect of Pseudomonas exotoxin A on the level of Gia

proteins. To determine the effects of protein synthesis inhi-

bition by Pseudomonas exotoxin A on the level of G,,, proteins

in rat heart muscle cells, the cells were first pneincubated for

12 hr in the absence or presence ofPseudomonas exotoxin A (1

ng/ml). Thereafter, both cell types were treated without or with

noradrenaline (1 .sM) for an additional 48-hr period, with

Pseudomonas exotoxin A (1 ng/ml) still being present. The

influence of Pseudomonas exotoxin A treatment on the nor-

adrenaline-induced increase in G, a-subunits was first studied

by measuring pertussis toxin-catalyzed ADP-ribosylation in

purified membranes. In the experiment shown in Fig. 4, expo-

Influence of a- and �9-adrenoceptor activation on adenylyl cyclase activity and [3H]CGP 12177 binding in rat heart muscle cell membranes
Rat heart muscle cells were incubated for 48 hr in the absence or presence of 1 MM noradrenaline, 1 �M noradrenaline plus 1 MM timolol, or 1 MM noradrenaline plus 1 MM

prazosin, and crude membranes were prepared. Adenylyl cyclase activities were determined in a reaction mixture containing 1 00 MM GTP in the presence of either 100

MM isoprenaline or 1 00 MM forskolin. Specific [3H]cGP 1 21 77 binding was determined as described in Experimental Procedures. The values are given as mean of
triplicates ± standard deviation.

Control Noradrenaline Noradrenaline + Noradrenaline +
Imolci prazosin

Adenylyl cyclase activity (pmol of cAMP x mg

of protein1 x 10 min1)
Isoprenaline 110.2 ± 3.3 50.3 ± 6.9 108.5 ± 4.1� 51.0 ± 4.3

Forskolin 459.5 ± 35.7 331.2 ± 39.7 480.3 ± 53.Oa 323.3 ± 13.7

[3H]CGP 12177 bound (fmol x mg of pro- 22.4 ± 0.8 11.5 ± 1.8 23.2 ± 1.1� 10.8 ± 0.2

tein1)

a The values are significantly higher than the corresponding values of the noradrenaline-treated group, p � 0.05.
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Fig. 3. Influence of Pseudomorias exotoxin A pretreatment on Pseudo-
monas exotoxin A-catalyzed ADP-nbosylation in rat heart cell cyto-
plasmic fractions. After incubation of rat heart muscle cells for 60 hr in
the absence (Con) or presence of 1 ng/mI Pseudomonas exotoxin A
(PsExoA), cytoplasmic fractions were prepared. Pseudomonas exotoxin
A-catalyzed [azP]ADP�ribosyIation and SDS-polyacrylamide gel electro-
phoresis were carried out as described in Experimental Procedures. -

and +, The absence and presence of Pseudomonas exotoxin A, respec-
tively. Each lane contained 80 �tg of cytoplasmic proteins. The positions
of molecular weight marker proteins and of elongation factor II (EF-2)
are indicated. OF. , dye front.

sure of rat heart muscle cells to noradrenaline (1 �tM) led to an

increase in pertussis toxin-catalyzed ADP-nibosylation of

200%. In the absence of noradrenaline, Pseudomonas exotoxin

A had a small inhibitory effect (maximally 30%) on nadiolabel-

ing by pertussis toxin. However, the protein synthesis-inhibi-

tory toxin completely abolished the noradnenaline-induced in-

crease in pertussis toxin-catalyzed ADP-nibosylation.

To confirm the evidence that the effect of Pseudomonas

exotoxin A on pertussis toxin-catalyzed radiolabeling was due

to alterations in the level of G, protein a-subunits, immuno-

blotting of purified rat heart cell membranes with the rabbit

antiserum DS/4 was performed (Fig. 5). This antiserum is

reactive against the a-subunits of G�, G1, G,2, and G3, whereas

the serum is only marginally reactive against the a-subunit of

G0. Because no 39-kDa protein was labeled by pertussis toxin

in purified rat heart cell membranes, immunoblotting of these

membranes with this antiserum is a quantitative assay for G,.

proteins (2). As reported before, the intensity of the G,. band

was clearly increased in membranes of noradrenaline-treated

cells. This increase in immunoreactivity caused by noradnena-

line exposure was completely abolished when the cells were

additionally treated with Pseudomonas exotoxin A.

Because the noradrenaline-induced increase in pertussis

toxin-catalyzed radiolabeling involves two distinct pertussis

EF 2 toxin substrates (G1,�40, G,,,41), the effect of Pseudomonas exo-

- toxin A treatment on the increase of these two G protein a-

subunits was determined. As shown in Fig. 6, exposure of the

cells to 1 ng/ml Pseudomonas exotoxin A completely abolished

the noradnenaline-induced increase in the level of G,,4() as well

as of G1,,41.

Effect of Pseudomonas exotoxin A on desensitization

of adenylyl cyclase stimulation. Because Pseudomonas ex-

otoxin A abolished the noradrenaline-induced increase in G#{149}a-

subunits, it was of major interest to determine whether this

treatment had also functional consequences with regard to

noradrenaline-induced desensitization (Table 2). In the absence

of noradrenaline, Pseudomonas exotoxin A treatment had yin-

tually no effect on adenylyl cyclase stimulation by isoprenaline

(100 �zM) on forskolin (100 �sM) in rat heart cell membranes.

Furthermore, the binding of [3H]CGP 12177 to fl-adrenoceptons

was also not altered by the toxin. However, Pseudomonas

exotoxin A completely abolished the noradnenaline-induced

decrease in adenylyl cyclase stimulation by forskolin (100 MM).

Furthermore, the noradrenaline-mediated decrease in isopren-

aline-stimulated adenylyl cyclase activity, although still pres-

ent, was also significantly reduced by Pseudomonas exotoxin A

treatment, from about 60 to 35%. On the other hand, the

noradrenaline-induced decrease in (-)-[3H]CGP 12177 binding

was not affected by the toxin.

Discussion

We have recently reported that, in addition to a down-

regulation of f.�1-adrenoceptors, long term exposure of cultured

rat heart muscle cells to noradrenaline leads to a decrease in

fl-adrenoceptor-mediated and receptor-independent adenylyl

cyclase stimulation and to a concomitant increase in the level

of two distinct G, protein a-subunits (G1,,40 and G1,,41) (2). We

now show that the noradrenaline-induced decrease in fl� -adre-

noceptors and the decrease in isoprenaline- and forskolin-

stimulated adenylyl cyclase activities were abolished by the f3-

adrenoceptor antagonist timolol but not by the a-adrenoceptor

antagonist prazosin. Furthermore, $-adrenoceptor but not a-

adrenoceptor blockade prevented the noradrenaline-induced

increase in G a-subunits. Finally, an apparent increase in the

level of the two distinct pertussis toxin substrates was also

induced by treatment of the cells with the fl-adrenoceptor

agonist isoprenaline. These results indicate that prolonged

agonist occupancy of �-adrenoceptors not only induced the

down-regulation of fl1-adrenoceptors and the decrease in fi-
adrenoceptor-stimulated adenylyl cyclase activity but was also

responsible for the decrease in forskolin-stimulated adenylyl

cyclase activity and the concomitant increase in G, a-subunits.

In contrast, noradrenaline stimulation of a-adrenoceptors,

which are present in rat heart muscle cells at an even higher

concentration than f3-adrenoceptors (8), had apparently no

effect on the parameters studied, either on the number of �3�-

adrenoceptors, on the receptor-dependent and -independent

adenylyl cyclase stimulation, nor on the level of G a-subunits.

The specific protein synthesis inhibitor Pseudomonas exo-
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Fig. 4. Effect of Pseudomonas exotoxin A
on the noradrenaline-induced increase in
pertussis toxin-catalyzed ADP-ribosyla-

2 3 4 tion in rat heart muscle cell membranes.
Heart muscle cells were pretreated in con-
trol medium for 1 2 hr and then incubated
in control medium without (Con) or with 1
�tM noradrenaline (NA) for 48 hr or were
pretreated in the presence of 1 ng/ml
Pseudomonas exotoxin A for 1 2 hr and
then incubated in the presence of 1 ng/mI
Pseudomonas exotoxin A without (Ps-
ExoA) or with 1 MM noradrenaline

� .
(NA+PsExoA) for 48 hr. Punfied mem-

branes were prepared and subjected to
pertussis toxin-catalyzed [32P]ADP-ribo-
sylation. SDS-polyacrylamide gel electro-
phoresis and Coomassie blue staining
were performed as described in Experi-
mental Procedures. Each lane contained

44 Mg of membrane protein. The Coom-
assie blue stain and the autoradiogram of
the same gel are shown. The positions of
molecular weight marker proteins are in-

NA+PsExoA dicated.
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toxin A was used to study whether the �3-adrenoceptor-mediated

desensitization and increase in G, a-subunits were dependent

on protein synthesis. Treatment of the cells with 1 ng/ml

Pseudomonas exotoxin A for 60 hr led to a marked reduction

of subsequent Pseudomonas exotoxin A-catalyzed [t2P]ADP�

nibosylation, thus suggesting an ADP-ribosylation or a decrease

in the level of elongation factor 2 by the toxin pretreatment.

Under this condition, protein synthesis, estimated by [3H]

leucine incorporation into cellular proteins, was inhibited by

about 30%. However, total cellular protein level, �31-adrenocep-

ton number, and isoprenaline- or fonskolin-stimulated adenylyl

cyclase activities were not affected by this toxin treatment. In

contrast, the noradrenaline-induced increase in pertussis toxin-

catalyzed radiolabeling was completely prevented by Pseudo-

monas exotoxin A. In the absence of noradrenaline, Pseudo-

monas exotoxin A had only a small inhibitory effect on the

pertussis toxin substrates. Immunoblotting with anti-G1,, anti-

bodies confirmed the suggestion that the Pseudomonas exotoxin

A-induced blockade of the fl-adrenocepton-mediated increase

in pertussis toxin substrates was due to an effect of Pseudo-

monas exotoxin A on the level of G,, proteins and not on the

accessibility of the G proteins to pertussis toxin. Furthermore,

Pseudomonas exotoxin A prevented the noradrenaline-induced

increase in the level of the two distinct G, a-subunits, G,,4() and

G,,41. It is suggested from these data that the noradrenaline-

mediated increase in the level of the G, a-subunits depends on

de novo synthesis of these proteins, and is not due, for example,

to a translocation of these proteins into the plasma membrane

compartment. Recently, mRNAs for G,2 and G,i, but not for

G,,1, were found in the neonatal and adult rat heart (21). The

major 40-kDa pertussis toxin substrate present in rat heart

muscle cell membranes appears to be of the G,2-subtype, be-

cause it comigrates with the major pertussis toxin substrate

present in HL-60 cells, which was shown to be of the G2-

subtype (22). The minor 41-kDa pertussis toxin substrate is,

therefore, suggested to be the n-subunit of Git, although final

proof for these assumptions remains to be provided.

Concomitantly with the inhibition of the noradrenaline-

induced increase in G,, , the Pseudomonas toxin treatment

abolished the noradrenaline-mediated decrease in forskolin-

stimulated adenylyl cyclase activity. These results corroborate

the evidence that the fl-adrenocepton-induced desensitization

of receptor-independent adenylyl cyclase stimulation in rat

heart muscle cells is due to an up-regulation of inhibitory G

protein a-subunits. Three distinct G1 proteins are known so far

(23). However, it is unclear at present which one of these

proteins is the “real” adenylyl cyclase-inhibitory G protein.

The data showing that two distinct G1,, proteins are up-negu-

lated by fl-adrenoceptor activation in nat heart muscle cells

may even suggest that both G,4() and G,,41 are involved in the

decreased adenylyl cyclase activity.

Under the conditions used, Pseudomonas exotoxin A had no

effect on the noradrenaline-induced down-regulation of �-

adrenoceptors. These findings suggest that, in contrast to the

increase in the level of G a-subunits, the decrease in the

number of fl1-adnenoceptors does not depend on protein syn-

thesis, at least not with the same sensitivity. Most interestingly,

although the (31-adrenoceptor down-regulation induced by nor-

adrenaline was not prevented by Pseudomonas exotoxin A, the

nonadrenaline-induced decrease in fl-adrenoceptor-mediated

adenylyl cyclase stimulation was significantly attenuated by

the toxin. These results suggest that the �3-adrenoceptor-me-

diated increase in G� also contributes by 30-40% to the de-

crease in �3-adnenocepton-mediated adenylyl cyclase stimula-

tion.

It has recently been reported that diphtheria toxin, which

like Pseudomonas exotoxin A inhibits protein synthesis by

ADP-nibosylating elongation factor 2, attenuates the isopnen-

aline-induced desensitization of adenylyl cyclase stimulation in

A431 human epidermoid carcinoma cells (24). Moreover, in

these cells cycloheximide, another less specific protein synthe-

sis inhibitor, completely abolished the dibutynyl cyclic AMP-

induced refractoriness to f3-adrenoceptor stimulation. The au-

thors proposed that the inhibition of protein synthesis prevents

the synthesis of an unknown “rapidly turning oven refractoni-

ness” protein that is induced in response to catecholamine-

stimulated production of cyclic AMP and that inhibits adenylyl

cyclase. It may be speculated that, in accordance with the
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Fig. 5. Effect of Pseudomonas exotoxin A on the noradrenaline-induced
increase in the level of G� in rat heart muscle cell membranes. Purified
membranes were prepared after culture of heart muscle cells without
additions (Con), with 1 MM noradrenaline(NA), with 1 ng/ml Pseudomonas
exotoxin A (PsExoA), or with 1 MM noradrenaline plus 1 ng/ml Pseudo-
monas exotoxin A (NA+PsExoA), as described in the legend to Fig. 4.
Membranes (each lane, 44 �g of membrane protein) were subjected to
SDS-polyacrylamide gel electrophoresis and immunoblotted with an anti-
serum reactive against the a-subunits of G, and G. The positions of
molecular weight marker proteins and of the immunoreactive a-subunits
of G (a) are indicated.

results presented herein, these “rapidly turning over refracto-

niness” proteins are the a-subunits of G1. The up-regulation of

these proteins induced by noradrenaline treatment was corn-

pletely prevented by the Pseudomonas exotoxin A treatment,

even though total cellular protein content was not altered and,

moreover, other components of the adenylyl cyclase system,

like the fl-adrenoceptors, the G, protein, and the adenylyl

cyclase itself, were apparently not affected. It is interesting to

note here that the promoter region of the human gene of the

a-subunit of G2 has recently been reported to contain possible

DNA binding domains for AP-2 (25), a factor that may mediate

the transcriptional effects ofcyclic AMP (26). Thus, alterations

of G#{149}�protein levels, possibly induced by alterations in intra-

NA NA+PsExoA
Fig. 6. Influence of Pseudomonas exotoxin A on the noradrenaline-
induced increase in pertussis toxin-catalyzed ADP-nbosylation of two G
proteins in rat heart muscle cell membranes. Purified membranes were
prepared after culture of rat heart muscle cells without any additions
(Con), with 1 MM noradrenaline (NA) or with 1 MM noradrenaline plus 1
ng/mlPseudomonas exotoxin A (NA+PsExoA), as described in the legend
to Fig. 4. The membranes were subjected to pertussis toxin-catalyzed
[�P]ADP-ribosylation. Each lane contained 44 �g of membrane protein.
For SDS-polyacrylamide gel electrophoresis, the resolving gel was sup-
plemented with 4 M urea. An autoradiogram of the dried gel is shown.
The positions of the two distinct pertussis toxin substrates (a40, a41) are
indicated on the right.

cellular cyclic AMP concentrations, may play a major regula-

tory role in long term regulation of adenylyl cyclase activity.

In membrane preparations from hearts of patients with di-

lated cardiomyopathy, both a down-regulation of $1-adrenocep-

tons and an apparent increase in the level of G a-subunits has

recently been reported (4-6). Results obtained from nonadren-

aline exposure of rat heart muscle cells suggest that the increase

in G,, and the desensitization to receptor-independent adenylyl

cyclase stimulation observed in severely failing human hearts

may be due to prolonged exposure of these hearts to rather

high concentrations of noradrenaline (1, 2). The results of the

present study now lead to the suggestion that the apparent

increase in G1 protein a-subunits in these human hearts may

be induced by the �3-adrenocepton stimulatony effect of the

increased noradrenaline concentrations found in patients with

heart failure. Furthermore, if prolonged fl-adrenoceptor agonist

exposure is the mechanism of the increase in the level of G1� in

hearts of patients with dilated cardiomyopathy, this increase

may also be due to new synthesis of G,, proteins.

In Pseudomonas aeruginosa septicemia in humans, Pseudo-

monas exotoxin A has been identified as an important patho-

genetic factor (27). However, at present, it is unknown whether

this toxin has any importance in the pathogenesis of the

decreased cardiac responsiveness to inotropic stimulation in

Pseudomonas septicemia. The results of the present study

suggest that, if relevant concentrations of Pseudomonas exo-

toxin A would be present in the heart in Pseudomonas septi-

cemia, the toxin would lead to a partial attenuation of cat-

echolamine-induced desensitization and, therefore, possibly to

an increased catecholamine cardiotoxicity.
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TABLE 2

Influence of Pseudomonas exotoxin A on the noradrenaline-induced decrease in adenylyl cyclase stimulation and [3H]cGP 12177 binding
in rat heart muscle cell membranes
Rat heart muscle cells were incubated in the absence or presence of 1 MM noradrenaline, 1 ng/ml Pseudomonas exotoxin A, or 1 MM noradrenaline plus 1 ng/ml
Pseudomonas exotoxin A, as described in the legend to Fig. 4, and crude membranes were prepared. Adenylyl cyclase activities were determined in the presence of
either 1 00 MM isoprenaline or 1 00 MM forskolin. Specific [3H]cGP i 21 77-binding was determined as described in Experimental Procedures. The values are given as mean
of tnplicates ± standard deviation.

Noradrenahne +

Contr� Noradrenaline � Pseudomonas

exotoxin A

Adenylyl cyclase activity (pmol cAMP x mg
of protein1 x 10 min1)

Isoprenaline 83.5 ± 5.7 34.2 ± 3.7 82.1 ± 4.5 53.0 ± 2.7�

Forskolin 297.0 ± 29.3 230.1 ± 34.7 322.2 ± 15.7 294.2 ± 36.4

[3H]CGP 12177 bound (fmol x mg of pro- 19.2 ± 1.2 10.5 ± 1.3 19.4 ± 3.7 12.3 ± 1.3

tein1)

a The values are significantly higher than the corresponding values of the noradrenaline-treated group, p � 0.05.
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