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SUMMARY: Pertussis toxin selectively modifies the function of Nj , the inhibi-
tory guanine nuceleotide binding protein of the adenylate cyclase complex. In
chick heart membranes, guanine nucleotide activation of Nj resulted in a de-
crease in the apparent affinity of the muscarinic receptor for the agonist oxo-
tremorine, inhibition of basal adenylate cyclase activity, and the attenuation
of adenylate cyclase by oxotremorine, Treatment of chicks with pertussis toxin
caused the covalent modification of 80-85% of cardiac Nj. After this treat-
ment Gpp(NH)p had no effect on muscarinic receptor affinity and GTP stimulated
basal adenylate cyclase activity. In contrast, the GTP-dependent attenuation

of adenylate cyclase caused by muscarinic receptors was unaffected. o 19ss

Academic Press, Inc.

In cardiac tissue, adenylate cyclase is activated by B -adrenergic recep-
tors and attenuated by muscarinic cholinergic receptors (1). Receptor media-
ted stimulation or attenuation of adenylate cyclase occurs indirectly via the
guqnine nucelotide binding proteins Ns1 and Ni’ respectively (2). A Borde-

tella pertussis toxin, known as islet-activating protein or IAP, perturbs hor-

monal attenuation of adenylate cyclase in many cell types (3) by causing ADP-
ribosylation of Ni' This modification of Ni results in the loss (4-6) of the
following measurable functions of Ni: a) receptor mediated attenuation of cy-
clase; b) GTP-induced attenuation of basal adenylate cyclase activity; and c)

control by guanine nucleotides of the apparent affinity of the inhibitory re-

The abbreviations used are: IAP, islet-activating protein; QNB, quinucli-
dinyl benzilate; Gpp(NH)p, guanylimidodiphosphate; N; and N_, guanine
nucleotide- b1nd1ng proteins involved in attenuation dnd stimulation of
adenylate cyclase, respectively; o ., ADP-ribosylatable subunit of N
GN, guanine nucleotides.
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ceptors for agonist. In the present study we measured the effects of IAP on
the muscarinic receptor/adenylate cyclase system in chick heart. Under the
conditions of this study, IAP had marked effects on two putative functions of

Ni but did not diminish the ability of muscarinic receptors to inhibit cyclase.

MATERIALS AND METHODS

IAP injection, Chicks (1-5 days old) were injected i.p. with IAP or saline
vehicle and sacrificed 48 hr later. Unless otherwise stated the dose of IAP
used was 1 pg. A1l injected amounts were per 40 g body weight. The 1 ug dose
used was the highest amount allowable since 3 or 5 g of IAP were lethal with-
in 36-48 hrs {N = 2) and 24-36 hrs (N = 3) respectively.

Membrane isolation. Crude membranes were prepared from twice-washed pellets
{31,000 g x 20 min) in 20 mM Tris-HC1, pH 7.4, 1 mM EDTA, 0.1 mM dithiothre-
itol. Semi-purified membranes were prepared according to method 1 of (7).
Muscarinic receptor assay. Assays were performed in duplicate at 37°C in 1 m
reactions containing 10 mM Na ,K -phosphatg, pH 7.4, 1 mM EDTA, 10 mM MgCl , 5-
10 yg crude membrane protein; 100-300 pM ["HIONB, + 0,1 mM Gpp{(NH)p and vary-
ing concentrations of the agonist oxotremorine as in (8).

Adenylate cyclase assay. Assays were conducted at 37°C for 10 min using 2'-
dATP as substrate to avoid the production of adenosine since R, type adeno-
sine receptors are present (22). Reactions, in triplicate, contained 10 mM
histidine, pH 7.5; 50 mM NaCl; 9 mM MgCl ; 0.1 mM dcAMP; 5 mM creatine phos-
phate; 0.4 mg/ml creatine phosphokinase; 2.5 units/ml adenosine deaminase; 0.5
mM RO 20-1724, a phosphodiesterase inhibitor; 0.1% bovine serum albumin; 0,1

mM [a - *2P]dATP (50-100 cpm/pmole); 1-3 ug membrane protein; and GTP as indi-
cated in a volume of 0.1 ml. Basal activities (in the absence of GTP or ago-
nist) in control and IAP-treated membranes were 463 + 84 (N=9) and 614 + 54
{N=6) pmols dcAMP formed/mg protein/min, respectively.

In vitro assays of IAP-catalyzed ADP-ribosylation. Membrane protein (60 ug)
Trom control or TAP-treated animals was incubated with [ 2 PINAD (2 u Ci),

+ 3 ug IAP, + 0,16% digitonin/0.032% cholate for 30 min at 37°C in 0.1 m]
according to {10). Protein was precipitated with trichloroacetic acid, solu-
bilized in electrophoresis sample buffer, heated for 1 min at 100°C, and
applied to NaDodSO polyacrylamide (12%) gels prepared as described (11).
Radioactivity in the IAP substrate was quantitated by densitometry of radio-
autograms prepared from the gels or by liquid scintillation counting.
Materials. Fertilized White Leghorn chicken eggs or newborn chicks were ob-
tained from SPAFAS (Roancke, IL) or Corn Belt Hatcheries (Forrest, IL)., IAP
was a gift from Dr, Erik Hewlett (Charlottesville, VA). [ ®HIQNB 534
Ci/mmole) and [ -°% P]dATP were from Amersham. [ * H]dcAMP and [ PINAD were
from New England Nuclear. Gpp(NH)p was from P-L Biochemicals. RO 20-1724 was
from Dr. H. Sheppard, Hoffman-LaRoche (Nutley, NJ). Al1 other reagents were
from Sigma.

RESULTS

Effect of IAP on agonist interaction with chick heart muscarinic receptors.

The muscarinic receptor agonist oxotremorine bound with high affinity to recep-
tors in control membranes (Fig. 1). Gpp(NH)p caused an apparent decrease in
receptor affinity, as evidenced by an increase in the 1050 value for the ago-

nist from 0.1 to 1.0 uM (Fig. 1). In membranes prepared from chicks injected
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Figure 1. Effects of IAP treatment on the apparent affinity of the cardiac
muscarinic receptor for oxotremorine. Chicks were treated + IAP, crude cardi-
ac membranes were prepared, and oxotremorine/[ *HIQNB compet1t1on experiments
were performed. The protein concentration was 25-50 yug/ml and [3H]QNB was
250-300 pM. Gpp(NH)p was 0.1 mM which was found to be a saturating dose. The
data shown are from a representative experiment. The IC (uM) and "y values
from a series of experiments were: Control, 0,12 + 0,03 (n Ny = 0.56, N = 6);
control plus Gpp(NH)p, 0.98 + 0,17 (n ny = 0.79, N = 3); IAP, 1 45 + 0.4 (n =
0.86, N = 4); IAP plus Gpp{NH)p, 1.65 ( = 0.89, N = 2).

with IAP, the apparent affinity for oxotremorine decreased and the effect of
Gpp(NH)p was abolished (Fig. 1), The effect of IAP was dose dependent, i.e.,
lower doses of IAP caused smaller increases in the ICgq values (data not

shown). Both Gpp(NH)p and the IAP treatment steepened the competition curves

compared to the controls (Fig. 1) and the ny values approached 1.0.

In control membranes, GTP inhibited basal adenylate cyclase activity by 20-35%
(Fig. 2). Inhibition was observed with GTP greater than 10'8 M and was maxi-

mal at 10 uM, This inhibitory effect of GTP was abolished and reversed to a
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Figure 2, Effect of varying GTP on basal adenylate cyclase in cardiac mem-
branes from control : and IAP treated chicks. Adenylate cyclase activity was
determined in purified cardiac membranes prepared from control (@) or IAP-
treated chicks (0, 0.1 ug;A, 0.3 ug;A, 1 ug) in the presence of varying
concentrations of GTP., The data shown are the means from one experiment done
in triplicate. Similar results were obtained with membranes prepared from
another group of chicks injected with varying concentrations of IAP and with
3-5 preparations from control and 1 g IAP-treated chicks.

F13ure 3. Comparison of the attenuation of adenylate cyclase by oxotremorine
in cardiac membranes from control and IAP-treated chicks. The data shown were
derived by determining the percent change in basal or isoproterenol-stimulated
activity caused by the addition of oxotremorine, i.e., the data shown by (-O-)
represent the percent decrease in basel activity caused by oxotremorine, while
(@) shows the percent decrease in isoproterenol stimulated activity caused
by oxotremorine. The data are from a representative experiment that was repeat-
ed 3 times.

stimulation by IAP treatment (Fig. 2). The degree of the reversal of the GTP
inhibition was dependent on the dose of IAP used (Fig. 2).

Effect of IAP treatment on muscarinic receptor mediated attenuation of chick

heart adenylate cyclase. In control membranes, oxotremorine inhibited basal

and B -adrenergic receptor-stimulated adenylate cyclase activity in a GTP-de-
pendent manner (Fig. 3). Unexpectedly, IAP did not alter these effects of oxo-
tremorine (Fig. 3). The net decrease in basal or isoproterenol-stimulated cy-
clase activity caused by oxotremorine was unchanged by any IAP treatment (Fig.

3. The only significant effect of any dose of IAP on adenylate cyclase was on
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the GTP-dependent modulation of basal activity Fig. 2). Similar results were
obtained with the muscarinic agonist carbachol, and the effects of both agon-

ists were appropriately antagonized by atropine {data not shown).

cyclase. Oxotremorine attenuated basal adenylate cyclase with IC50 values of
0.17 and 0.21 uM in membranes from control and IAP-treated chicks, respec-
tively (Fig. 3). The maximum degree of inhibition of basal adenylate cyclase
was 35 + 3% in control (N = 3) and 25 + 4% (N = 3) in IAP treated membranes
(Fig. 3). IC50 values for oxotremorine to attenuate isoproterenol-stimulated
adenylate cyclase were 0.85 uM for membranes from both control and IAP-treat-
ed chicks (data not shown),

ADP-ribosylation of cardiac membranes from control and IAP-injected chicks.

In vitro ADP-ribosylation of membranes from control and IAP-treated chicks was
performed in order to determine the extent of modification of Ni caused by the
the in vivo IAP treatment. Analysis of such experiments by gel electrophore-

[32p7ADP-ribose into a

sis and autoradiography indicated that IAP incorporated
peptide of 39,000 daltons. This is presumably oy (12-14), In both the absence
and presence of digitonin-cholate, the in vitro ADP-ribosylation of this pep-
tide was reduced in membranes from IAP-treated chicks to 15%-19% (N=3) of con-

trol membranes.

DISCUSSION

The injection of IAP into chicks caused the covalent modification of 80-
85% of a 39,000 dalton peptide, presumably the a-subunit of N; (12-14),
After the IAP treatment the affinity of the muscarinic receptor for agonist
was decreased and was unaffected by GN. In addition, GTP stimulated, rather
than inhibited, basal adenylate cyclase activity. Surprisingly, under these
conditions, the ability of oxotremorine to inhibit adenylate cyclase activity
was not affected by IAP.

Muscarinic receptors can exist in high and lTow affinity states in vitro

(15). The interpretation of the present results differs depending on what one
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assumes physically constitutes the individual affinity states of the receptor.
The highest affinity state of the receptor may be an RNi complex that can be
converted to a Tower affinity state by the binding of a guanine nucleotide to
Ni (16-18). The lower affinity state may be free R created by the dissocia-
tion of N, (17), or it may be a complex of RNi liganded with a GN as suggested
by Rodbell (16). One explanation of the present findings is that the low affi-
nity state is RNi 1iganded with GN (16), Ni is believed to be activated by

GTP and inactivated by GDP (2). The present results can be explained by postu-
lating that GTP can readily exchange with GDP bound to the unmodified Ni’ but

after covalent modification of Ni’ this exchange only occurs in the presence

of an agonist. GDP may be become bound to Ni in vivo and may be released from

the unmodified Ni during the preparation or assay of control membranes. This

would allow the in vitro detection of high affinity binding., In contrast, GDP
may not be released from ADP-ribosylated Ni under the same conditions, and in
vitro high affinity binding would not be detected. According to this formula-

tion high affinity binding is largely an in vitro phenomenon created by empty-
ing N1 of GN.

The effect of GTP on basal adenylate cyclase activity is probably a con-
sequence of opposing effects of GTP on NS and Ni' The proposed inability of
GTP to exchange for GDP bound to ADP-ribosylated Ni would result in the acti-
vation of more NS than Ni by GTP and thus explain the IAP-induced reversal of
the effects of GTP on basal cyclase activity. If oxotremorine can promote the
exchange of GTP for GDP bound to the ADP-ribosylated Ni’ this would explain
why oxotremorine mediated inhibition of adenylate cyclase activity after IAP
treatment. This reasoning is supported by the work of Jakobs et al. who demon-
strated that the effect of IAP is to slow the activation of Ni (19). Accord-
ingly, ADP-ribosylated Ni may contain GDP that is more tightly bound and ex-
changes more slowly than that bound to native Ni‘

Alternative explanations of the present results are found if one assumes
that the low affinity state of the muscarinic receptor is free R. In that

case, then either: 1) there are pools of Ni with different accessibility to
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Figure 4. Dose-response curves for oxotremorine-mediated attenuation of basal
adenylate cyclase in cardiac membranes from control and IAP-treated chicks,
Adeny1ate Cyclase activity was determined in the presence of 10 pM GIP and
varying concentrations of oxotremorine as shown. The results are the mean of
3 experiments, Control (O); [AP-treated (@).

IAP, or 2) more than one GTP-binding protein participates in hormonal attenua-
tion of chick heart cyclase, or 3) there may be "spareness" in the Ni and/or
receptor population. With regard to the last possibility, it has been suggest-
ed that only 10% of the muscarinic receptors in the chick heart may be neces-
sary for full effects on cyclic AMP metabolism (20). However, the dose-res-
ponse curves for oxotremorine to inhibit cyclase were not shifted to the right
after IAP treatment (Fig. 4), arguing against involvement of "spare" compon-
ents in this response.

Pertussis toxin usually blocks all known functions of Ni’ although others
reported that IAP blocked dopamine receptor-Ni interactions but not Ni-cyclase
interactions (21). It is not clear why the chick heart muscarinic receptor sys-
tem is different from other cyclase attenuating systems in its response to

IAP, but it may be useful for probing receptor:cyclase interactions.

ACKNOWLEDGEMENTS

The authors are indebted to Dr. E. Hewlett for his generous gift of IAP,
to Mr. A. Danckers for expert technical assistance, and to Mrs. C, Johnson and
Mrs. M.J. Lindgren for expert secretarial assistance. This work was supported
by NIH (HL 33106), the American Heart Association and by a Biomedical Research
Grant RR-005366. KKM is a Senior Research Fellow of the Chicago Heart Associ-
ation and MMH is an Established Investigator of the American Heart Association,

REFERENCES

1, Murad, F., Chi, Y.-M., Rall, T.W., Sutherland, E.W. (1962) J, Biol. Chem.
237, 1233-1238.

628



Vol. 126, No. 1, 1985 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

NP wny
« e+

Gilman, A.G, (1984) J. Clin. Invest. 73, 1-4,

Hazeki, 0. and Ui, M. (1981) J. Biol. Chem. 256, 2856-2862.

Murayama, T. and Ui, M. (1983) J. Biol. Chem. 258, 3311-3326.

Hildebrandt, J., Sekura, R.D., Codina, J., Iyengar, R., Manclark, C.R,
and Birnbaumer, L. (1983) Nature 302, 706-708,

Kurose, H., Katada, T., Amano, T. and Ui, M. (1983) J. Biol. Chem. 258,
4870-4874.

Hosey, M.M. and Fields, J.Z. (1981) J. Biol. Chem. 256, 6395-6399,

McMahon, K.K. and Hosey, M.M. (1983) Biochem. Biophys. Res. Commun, 111,
41-46,

Cooper, D.M.F. and Londos, C. (1979) J. Cyclic Nucleotide Res. 8, 39-47,

Burns, D.L., Hewlett, E.L., Moss, J. and Vaughan, M. (1983) J. Biol.
Chem. 258, 1435-1438.

Hosey, M.M. (1982) Biochim. Biophys. Acta 690, 106-116.
Codina, J., Hildebrandt, J., Iyengar, R., Birnbaumer, L., Sekura, R.D.
and Manclark, C.R. (1983) Proc. Natl. Acad. Sci. USA 80, 4276-4280.
Katada, T., Bokoch, G.M., Northup, J.K., Ui, M, and Gilman, A.G. (1984)
J. Biol. Chem. 259, 3568-3577,

Katada, T., Northup, J.K., Bokoch, G,M., Ui, M. and Gilman, A.G. (1984)
J. Biol. Chem. 259, 3578-3585,

Birdsall, N.J.M., Burgen, A.S.V. and Hulme, E.C. (1978) Molec. Pharmacol.
14, 723-736.

Rodbeli, M, (1980) Nature 284, 17-22.

Limbird, L.E. (1981) Biochem. J. 195, 1-13,

Cooper, D.M.F. (1982) FEBS Lett. 128, 157-163.

Jakobs, K.H., Aktories, K. and Schultz, G. (1984) Eur. J. Biochem. 140,
177-181.

Brown, J.H. and Brown, S. (1984) J. Biol. Chem. 259, 3777-3781.

Cote, T.E., Frey, E.A., and Sekura, R.D. (1984) J. Biol. Chem, 259,
8693-8698,

Hosey, M.M., McMahan, K.K. and Green, R.D, (1984) J. Molec. and Cell,
Cardiol. 16, 931-943,

629



