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ABSTRACT We proposed that a rapidly turning over
protein, induced in response to catecholamine stimulation of
C6-2B rat astrocytoma cells, inhibits subsequent hormonal
activation of adenylate cyclase. Studies upon which our hy-
pothesis is based and confirmatory work in a variety of other
cell lines and in vivo have utilized actinomycin D and cyclo-
heximide to inhibit RNA and protein synthesis, respectively.
These inhibitors, however, are not specific and have been
reported also to interfere with other cellular processes. Diph-
theria toxin is a specific protein synthesis inhibitor that acts
only by ADP-ribosylating elongation factor 2, thus preventing
peptide chain elongation. We thus tested whether diphtheria
toxin could prevent catecholamine-induced desensitization in
A431 human epidermoid carcinoma cells. The toxin inhibited
protein synthesis and altered the time course of isoproterenol-
stimulated cAMP accumulation as did the less-specific protein
synthesis inhibitor cycloheximide. Cellular cAMP content after
a 30-min exposure to isoproterenol was similar in control and
in toxin-treated cells. However, after 4 hr of treatment with
isoproterenol, toxin-treated cells accumulated up to six times
more cAMP than controls. When cells or cell-free adenylate
cyclase preparations were rechallenged with agonists, toxin-
mediated inhibition of protein synthesis prevented desensitiza-
tion. These results show that diphtheria toxin, a specific
inhibitor of protein synthesis, can interfere with the normal
physiological regulation of cAMP metabolism in eukaryotic
cells and provide compelling evidence that catecholamine
stimulation of adenylate cyclase promotes the synthesis of a
protein(s) that, in some way, inhibits hormone-stimulated
adenylate cyclase.

The events and sites responsible for desensitization of the
13-adrenergic receptor-coupled adenylate cyclase system are
still poorly understood even though the three basic compo-
nents needed for hormone-mediated activation of adenylate
cyclase (receptors, GTP-binding proteins, and catalyst) have
now been purified (1-6), and functionally reconstituted (7, 8).
Furthermore, several of the components have now been
cloned (9, 10). Desensitization could be related to changes in
,p-receptor localization (11), the extent of p-receptor phos-
phorylation (12), or reduced adenylate cyclase catalyst ac-
tivity (13). Changes in guanine nucleotide-coupling proteins,
however, have not been observed during desensitization (14).
Our earlier studies in several cell systems, most notably the
C6-2B rat astrocytoma cell line, showed that inhibitors of
RNA or protein synthesis, such as actinomycin D or cyclo-
heximide, reduce or reverse refractoriness induced by pro-
longed exposure of cells to B-adrenergic agonists (15) or
N6,02'-dibutyryladenosine 3' ,5 '-cyclic monophosphate
(Bt2cAMP) (16). Subsequent studies showed that protein

synthesis inhibitors prevent hormonal desensitization in
diverse cell types activated by a variety of hormones (17-23).
The hypothesis, developed from our original experiments,

that protein synthesis is required for cAMP induction of
refractoriness was based on use of inhibitors lacking precise
specificity. Some effects of cycloheximide and actinomycin
D are unrelated to protein or RNA synthesis. Cycloheximide
directly inhibits cathepsin D (24), DNA-dependent RNA
polymerase 1 (25), UDP-galactosyltransferase (26), gluconeo-
genesis (27), glucose uptake (28), DNA synthesis (29), and
even has been reported to stabilize mRNA coding for
tyrosine aminotransferase and phosphoenolpyruvate carbox-
ykinase (30). There are several side effects of actinomycin D
(31-38) including inhibition ofrRNA synthesis, phospholipid
synthesis, respiration, aerobic glycolysis, protein synthesis
not related to inhibition ofmRNA synthesis, and degradation
of a number of enzymes.
We have now used diphtheria toxin, a specific inhibitor of

protein synthesis to further test our hypothesis. The toxin
specifically inhibits protein synthesis by catalyzing the trans-
fer of ADP-ribose from NAD to elongation factor 2, thereby
preventing peptide chain elongation during protein synthesis
(39-41). We found that A431 cells (42) become desensitized
after prolonged stimulation by isoproterenol, and this desen-
sitization is blocked in cells incubated with diphtheria toxin.
These experiments support the hypothesis that the synthesis
of a protein(s) is required for development of catecholamine-
induced refractoriness.

MATERIALS AND METHODS
Cell Culture. A431 cells were obtained from the American

Type Culture Collection or were a generous gift of Stuart
Aaronson (National Cancer Institute, Bethesda, MD). They
were grown as monolayers in 24-well cluster plates in Ham's
F-10 nutrient medium (GIBCO) buffered with 14 mM
NaHCO3, supplemented with 10% (vol/vol) donor calf serum
(GIBCO) in a humidified atmosphere of 95% air/5% CO2 at
37°C. Cells between passage 17 and 38 were plated in 2 ml of
medium at 1.5 x 104 cells per ml and used at confluency.
Diphtheria toxin (1 ng/ml) was added to cells in Ham's F-10
medium containing 10% (vol/vol) donor calf serum for 24 hr
as indicated. The cells were then washed with serum-free
Ham's F-10 containing 10 mM Hepes (pH 7.4) (Ham's
F-10/Hepes) and treated as indicated to test the effect of
diphtheria toxin pretreatment on catecholamine desensitiza-
tion. The effect ofcycloheximide upon isoproterenol-induced
refractoriness was evaluated after coincubation of cells with
10 ,uM (-)-isoproterenol and cycloheximide at 5 ,ug/ml.
1-Methyl-3-isobutylxanthine (0.1 mM) was included in all
30-min or 4-hr incubation solutions.

Abbreviation: Bt2cAMP, NM,02-dibutyryladenosine 3',5'-cyclic
monophosphate.
*To whom reprint requests should be addressed.
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cAMP Assay. The cAMP content of the cells was deter-
mined by rapidly aspirating the incubation medium and
treating the cells with 0.1 M HCl containing 0.1 mM CaCl2.
The samples were agitated on an orbital shaker for 15 min at
room temperature. The acid extracts were assayed for cAMP
content using the Gamma-Flo automated radioimmunoassay
system (43) after acetylation as described by Harper and
Brooker (44). Protein precipitated with 0.1 M HCl was
dissolved in 0.2 M NaOH and measured by the Bradford
assay (45) using bovine serum albumin as standard.

Permeabilization Procedure. Cells were permeabilized by
the method of Brooker and Pedone (46) with slight modifi-
cation. After appropriate pretreatment, the cells were ren-
dered permeable at 220C by first washing once with Ham's
F-10/Hepes. The cells were then changed to permeabiliza-
tion buffer [1.3% (vol/vol) PEG 8000, 33 mM Pipes, 2 mM
EGTA, 2 mM MgCl2, 5.4 mM KC1, 0.44 mM KH2PO4, 137
mM NaCl, 0.34 mM Na2HPO4, and 5.6mM glucose, pH 7.2],
1 ml per well, for 1 min. The buffer was then rapidly removed
and replaced with 0.5 ml per well of a solution of 0.01%
digitonin in permeabilization buffer. After 5 min, the cells
were washed twice with 1 ml of digitonin-free permeabiliza-
tion buffer and allowed to incubate for 15 min. Cells were
washed once more with digitonin-free permeabilization buff-
er and then used for the adenylate cyclase assay.

Adenylate Cyclase Assay. The adenylate cyclase assay was
initiated by replacing the last buffer wash with 0.5 ml per well
of permeabilization buffer containing 0.1 mM ATP, 10 ,M
GTP, 0.1 mM 1-methyl-3-isobutyl-xanthine (to prevent the
breakdown of cAMP), and 3 mM MgCl2 with the appropriate
drugs. It remained on the cells for 30 min at 22°C without
agitation. The reaction was stopped by removing a 200-,ul
aliquot from each well and adding it to 1.8 ml of 0.1 M HCl
containing 0.1 mM CaCl2. The extracts were then assayed for
cAMP as described above.

Protein Synthesis. Cells were labeled for 30 min at 37°C with
[355]methionine (1 ,uCi/ml; 1 Ci = 37 GBq) in serum-free
medium. Protein was precipitated with 10% (wt/vol) tri-
chloroacetic acid, and the cells were solubilized in 1 ml of 0.2
M NaOH. Protein synthesis was measured by the incorpo-
ration of [35S]methionine and expressed as a percent of
control cells incubated under the same conditions.

Diphtheria toxin was purchased from List Biological Lab-
oratories (Campbell, CA). Cycloheximide, 1-methyl-3-isobu-
tylxanthine, ATP, GTP, and (-)-isoproterenol HCl were
obtained from Sigma. Digitonin was purchased from BDH.
[35S]Methionine (>800 Ci/mmol) was obtained from
Amersham. Other reagents were as described or were Amer-
ican Chemical Society quality or better.

RESULTS

Cycloheximide Prevents Isoproterenol-Induced Refractori-
ness in A431 Cells. Pretreatment of A431 cells with cyclo-
heximide (5 tkg/ml) for 4 hr does not significantly affect
cAMP accumulation induced by a 30-min challenge with 10
,uM (-)-isoproterenol (Fig. 1A). Protein synthesis was inhib-
ited more than 90%. After a 4-hr isoproterenol treatment in
the absence of cycloheximide, cells showed desensitization
such that only 10% of the original response to a subsequent
30-min rechallenge with 10 ,uM (-)-isoproterenol is ob-
served. In contrast, coincubation of cycloheximide with
isoproterenol for 4 hr caused a 7-fold greater cAMP response
after a subsequent 30-min rechallenge with isoproterenol
(Fig. 1B). Cycloheximide-treated cells, in fact, retain 65% of
their responsiveness to isoproterenol when rechallenged with
the agonist. The data in Fig. 1C show that cycloheximide
coincubation with 1 mM Bt2cAMP for 4 hr totally protects the
cells from Bt2cAMP-induced refractoriness.
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FIG. 1. Cycloheximide prevents isoproterenol and Bt2cAMP-
induced refractoriness. A431 cells were incubated for 4 hr, with (solid
bars) or without (open bars) cycloheximide at 5 ,tg/ml in medium
(control, A), in medium containing 10 A.M (-)-isoproterenol (Iso, B),
or in medium containing 1 mM Bt2cAMP (C). Cells were then washed
five times with Ham's F-10/Hepes (or with Ham's F-10/Hepes
containing cycloheximide for cells treated with cycloheximide).
cAMP was measured after a 30-min challenge with 10 ;LM (-)-
isoproterenol. The data represent the mean + SEM of three deter.
minations. There was no difference (P < 0.08) in isoproterenol-
stimulated cAMP accumulation between control cells with cyclo-
heximide alone and cells incubated with cycloheximide plus
Bt2cAMP.

Effect of Diphtheria Toxin on A431 Cell Protein Synthesis.
The time course of cellular protein synthesis was determined
in cells treated with the toxin at 1, 10, and 100 ng/ml. As
shown in Fig. 2, after 24 hr, all the concentrations tested
caused complete inhibition of [35S]methionine incorporation
into protein. Cell viability was tested with trypan blue after
24 hr. Cells treated with 10 or 100 ng/ml were not viable;
however, greater than 90% of the cells treated with 1 ng/ml
excluded trypan blue and were thus viable. At 4 and 6 hr,
trypan blue was excluded from the cells even at the highest
concentration of toxin used, although this concentration had
inhibited protein synthesis more than 90%. Based on these
results, we chose to conduct all subsequent studies after
intoxication (toxin treatment) of cells for 20-24 hr with
diphtheria toxin at 1 ng/ml. This produced protein synthesis-
inhibited cells that remained viable during the time necessary
to treat the cells for 4 hr with isoproterenol, to remove cAMP
accumulated during this first incubation, and subsequently to
measure cellular responsiveness to a 30-min rechallenge with
isoproterenol.
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FIG. 2. Time course of diphtheria toxin-dependent inhibition of
protein synthesis in A431 cells. A431 cells were incubated with
Ham's F-10 medium containing 10o (vol/vol) calf serum and
diphtheria toxin at 1 (o), 10 (o), or 100 (o) ng/ml. Protein synthesis
was measured for 30 min at 37TC at the indicated times and expressed
as percent of control cell incorporation of [35S]methionine into
protein.
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Table 1. Effect of 10 ILM (-)-isoproterenol on A431 cell
cAMP content

cAMP, pmol/mg of protein

Time Control cells Diphtheria toxin-treated cells

30 min 3441 ± 433 2731 ± 317
4hr 190 ± 32 1208 ± 57

Basal level of cell cAMP was 5-15 pmol/mg of protein.

Diphtheria Toxin Prevents Isoproterenol-Induced Desensi-
tization. As shown in Table 1, isoproterenol-stimulated
cAMP accumulation was not appreciably different in control
or diphtheria toxin-treated cells after 30 min, yet was about
6-fold higher in toxin-treated cells after a 4-hr isoproterenol
exposure. Thus, preincubation with diphtheria toxin for 24 hr
did not significantly affect acute cAMP accumulation stim-
ulated by a 30-min challenge with 10 uM (-)-isoproterenol
but retarded the decline in cellular cAMP at longer time
points. When the cells were exposed to isoproterenol for 4 hr,
the diphtheria toxin-pretreated cells showed an almost com-
plete, and in some experiments total, retention of sensitivity
to the agonist upon a 30-min isoproterenol rechallenge (Fig.
3A). Strikingly, after a 30-min rechallenge with 10 tM
(-)-isoproterenol, desensitized control cells had only 7.6% of
their original responsiveness while diphtheria toxin-treated
cells had almost 95% of the response to isoproterenol,

Adenylate Cyclase Activity from Permeabilized A431 Cells.
We performed preliminary experiments on 0.01% digitonin-
permeabilized A431 cells and tested the adenylate cyclase
activity of both control and intoxicated cells after different
drug treatments. Fig. 3B shows that permeabilized cells
(which now all take up trypan blue) do respond to
isoproterenol if exogenous 0.1 mM ATP and 10 ,uM GTP are
added to the adenylate cyclase reaction mixture. As in whole
cells, isoproterenol-stimulated cyclase was similar in control
and intoxicated cells, suggesting that diphtheria toxin treat-
ment does not act directly to alter adenylate cyclase activity.
However, membrane-bound adenylate cyclase from cells
desensitized for 4 hr with isoproterenol showed only 14% of
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FIG. 3. (A) Diphtheria toxin prevents isoproterenol-induced
refractoriness in A431 cells. Control (open bars) and toxin-treated
(solid bars) cells were incubated for 4 hr with or without 10 ,M
(-)-isoproterenol (Iso), washed for 30 min, and rechallenged for 30
min with 10 AM (-)-isoproterenol. The level of isoproterenol-
stimulated cAMP was measured. Three separate experiments on
different passage-number cultures gave similar results except that the
maximal responses varied. The data shown are from one typical
experiment performed in duplicate. (B) Adenylate cyclase activity in
digitonin permeabilized A431 cells. Control (open bars) or intoxi-
cated (solid bars) cells were incubated 4 hr in Ham's F-10/Hepes
with or without 10 ,M (-)-isoproterenol. Cells were permeabilized
for 5 min with 0.01% digitonin and then incubated for 30 min at 22°C
with the reaction mixture for the adenylate cyclase assay containing
0.1 mM ATP, 10 ,M GTP, and 10 ,uM (-)-isoproterenol. Data are
expressed as the mean ± SEM of triplicate determinations.

the initial isoproterenol-stimulated activity. In contrast, tox-
in-treated cells retained 49% of the original activity.

DISCUSSION

Intracellular cAMP concentration increased more than 400-
fold above basal after a 30-min treatment with 10 AuM
(-)-isoproterenol in the A431 epidermoid carcinoma cell line.
The absolute cAMP response varied depending upon the
passage number. Cells of lower passage number were gen-
erally more responsive (data not shown). A431 cells became
desensitized after a 4-hr exposure to (-)-isoproterenol or
Bt2cAMP. This loss of responsiveness was significantly
reduced in isoproterenol (or Bt2cAMP)-treated cells incubat-
ed with the protein synthesis inhibitor cycloheximide. De-
sensitized cells rechallenged with isoproterenol for 30 min
showed only 10% of the initial response to the agonist.
Cycloheximide-treated cells with the same challenge showed
65% of the original response. Bt2cAMP-induced refractori-
ness was not as great as isoproterenol-induced desensitiza-
tion in A431 cells. This quantitative difference has also been
observed in C6-2B cells (16).
The availability of this human cell line allowed us to use

diphtheria toxin as a protein synthesis inhibitor. Treatment
with the toxin at 1 ng/ml for 24 hr caused 80-90% inhibition
of protein synthesis without affecting cell viability. Intoxi-
cated cells appeared to be quite resistant to the desensitizing
action of (-)-isoproterenol. After a 4-hr incubation with
isoproterenol, cAMP content was always higher in diphtheria
toxin-pretreated cells than in controls. Upon rechallenge with
isoproterenol, intoxicated cells were almost completely,
sometimes totally, protected from isoproterenol-induced de-
sensitization. Using a methodt for measuring hormone-
stimulated adenylate cyclase, wherein the magnitude of
hormone stimulation is as great as observed in whole cells,
we found that (-)-isoproterenol stimulated adenylate cyclase
activity from A431 cells, desensitized with (-)-isoproterenol,
was markedly reduced. Comparable preparations from diph-
theria toxin-treated cells showed much less refractoriness to
isoproterenol, indicating that the protective effect ofthe toxin
in whole cells must reflect an alteration of adenylate cyclase
activity. This protein synthesis-dependent desensitization,
therefore, represents a stable change in membrane-bound
adenylate cyclase. These results support our working hy-
pothesis that a rapidly turning over protein, induced in
response to catecholamine-stimulated cAMP production,
limits further agonist-stimulated activation of adenylate cy-
clase.

It is important to point out that inhibition of protein
synthesis by either cycloheximide for 4 hr or diphtheria toxin
for 24 hr did not affect activation of adenylate cyclase by
isoproterenol in whole cells or adenylate cyclase assayed in
permeabilized cells. Inhibiting protein synthesis thus does
not interfere with adenylate cyclase activity or trypan blue
exclusion in the cells. Other investigators have confirmed and
extended our findings (15, 16) that either cycloheximide or
actinomycin D prevents hormone-induced desensitization in
diverse hormone-receptor systems [dog thyroid cell,
thyrotropin (17); murine epidermis in vivo, isoproterenol (18);

tOur laboratory has developed a procedure involving permeabiliza-
tion of cells and the subsequent measurement of adenylate cyclase
activity after the addition of hormone, GTP, and ATP (46). In
contrast to more traditional preparations of homogenized cells, the
permeabilized-cell adenylate cyclase is highly responsive to hor-
monal agonists, often increasing hormone-stimulated adenylate
cyclase activity 100-fold above the basal level-comparable to the
extent of stimulation seen in cellular cAMP after hormonal stimu-
lation.

Proc. Natl. Acad. Sci. USA 84 (1987)
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rat ovary, lutropin, follitropin, and prostaglandin E2 (19);
murine thyroid cell, thyrotropin (20); rat Leydig tumor cell,
lutropin (21); rat ovarian cell, lutropin (22); rat thyroid cell
line, thyrotropin (23)].
Our previous studies with cycloheximide and actinomy-

cin D implied hormone-mediated induction of mRNA cod-
ing for synthesis of a putative "refractoriness protein(s)"
rather than a nonspecific effect of inhibiting protein synthe-
sis. In C6-2B cells (15) the RNA synthesis inhibitor, actino-
mycin D, prevented catecholamine refractoriness only if
added during the initial phase of catecholamine-stimulated
cAMP production, while cycloheximide prevented refractor-
iness from the inception of hormone stimulation and could
even reverse refractoriness within several hours once
refractoriness had developed. This suggests that hormone-
stimulated mRNA production was needed for subsequent
synthesis of the putative inhibitory protein and that the
protein is short lived. Furthermore, in other experiments
(16), we observed that the prevention of catecholamine
refractoriness (and inhibition of protein synthesis) by cyclo-
heximide was readily reversible. Removal of cycloheximide
from cells pretreated for 5 hr with isoproterenol and cyclo-
heximide causes "super-refractoriness" (less responsiveness
than in cells incubated with isoproterenol alone) within an
hour. This suggests that removal of the protein synthesis
blockade caused a burst of protein synthesis from mRNA
accumulated during the period of blocked protein synthesis.
Although we have not yet identified the putative protein(s),

these experiments with diphtheria toxin provide the strongest
evidence that such a protein does indeed exist. It is possible
that the protein is involved in the regulation or modification
of receptors analogous to phosphorylation of the f3-adrener-
gic receptor by the 8-adrenergic receptor kinase (12). On the
other hand, protein synthesis-sensitive refractoriness is
heterologous wherein stimulation ofcAMP synthesis through
one receptor causes general refractoriness to cyclase agon-
ists, be they heterologous receptors, cholera toxin (47), or
forskolin (48). The generality of protein synthesis-sensitive
refractoriness makes it likely that the putative protein in-
volved acts at a postreceptor site.
The effect of diphtheria toxin on cAMP metabolism is

presumably mediated by the specific action of the toxin to
inhibit all protein synthesis and consequently block synthesis
of the putative protein involved in refractoriness. The simi-
larity of mechanism of diphtheria toxin to ADP-ribosylate
elongation factor 2 with the ADP-ribosylation by cholera or
pertussis toxin of other GTP-binding proteins known to
regulate hormone-stimulated adenylate cyclase is worthy of
consideration. Thus, the possibility that diphtheria toxin is
involved in the ADP-ribosylation of known or even uniden-
tified GTP-binding proteins involved in the regulation of
adenylate cyclase must be considered. Elongation factor 2,
however, is the sole substrate for diphtheria toxin. Even if
devoid of direct effect on the component proteins of hor-
mone-stimulated adenylate cyclase, the toxin might alter a
possible common function shared by elongation factor 2 and
the adenylate cyclase system. Reddy et al. (49) reported that
one of the elongation factors involved in prokaryotic protein
synthesis, elongation factor Tu, actively regulates Escherich-
ia coli adenylate cyclase. We, however, found no change in
acute hormone-stimulated cAMP accumulation in cells
pretreated with diphtheria toxin. Thus, it seems unlikely that
the toxin directly interacts with an adenylate cyclase com-
ponent as do other bacterial toxins. For the same reason, it
is unlikely that the change in elongation factor 2 acts
indirectly, for example, by sparing GTP normally consumed
in protein synthesis and thereby providing more GTP for
adenylate cyclase. The best interpretation of our results is
that inhibition of general cellular protein synthesis by diph-

theria toxin prevents synthesis of an isoproterenol-induced
protein that inhibits adenylate cyclase.
Our observations of amelioration of catecholamine desen-

sitization by the toxin may have relevance to clinical
Corynebacterium diphtheriae infection. Desensitization is a
natural process that protects cells from excessive hormonal
input. Thus, if desensitization is prevented, the hormonal
action is potentiated or prolonged. One serious, and often
fatal, sequel to diphtheria infection is cardiac arrhythmia (50).
This might reflect potentiated catecholamine action due to
the toxin's blockade of the naturally occurring protective
desensitization process.
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