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SUMMARY

Bordetella pertussis, the pathogen responsible for whooping
cough, releases a soluble calmodulin-sensitive adenylate cyclase
into its culture medium which enters several different types of
animal cells and elevates intracellular cCAMP. In this study, the
influence of B. pertussis adenylate cyclase on intracellular cAMP
levels of cultured chick cardiac cells and the beating rates of
chick cardiac cell aggregates was examined. Treatment with B.
pertussis adenylate cyclase caused up to a 60-fold increase in
intracellular cAMP which was significantly greater than that
caused by forskolin or isoproterenol. Increases in intracellular
CcAMP caused by B. pertussis adenylate cyclase were observed

within 2 min after treating cells with the enzyme, and binding of
calmodulin to the enzyme inhibited these effects. In addition,
high concentrations of the enzyme completely inhibited the beat-
ing of cardiac cells. However, lower concentrations of the ade-
nylate cyclase accelerated beating rates 30-40% and cardiac
cells continued to beat at an accelerated rate for at least 30 min.
These data indicate that B. pertussis adenylate cyclase invades
chick cardiac cells and catalyzes significant increases in intra-
cellular cAMP. It is proposed that the effect of the enzyme on
the beating rates of heart cell aggregates may be due to altera-
tion of intracellular cAMP levels.

The culture medium of growing Bordetella pertussis contains
a number of biologically active components which may play a
role in the pathogenesis of whooping cough (1, 2). One of these,
IAP, has been purified from the culture medium of the bacteria
(3-5). IAP attenuates receptor-mediated inhibition of adenylate
cyclase in a variety of mammalian cell types by catalyzing the
ADP-ribosylation of the inhibitory guanyl nucleotide compo-
nent of the adenylate cyclase system (6-8). The attenuation of
receptor-mediated inhibition can result in an increase in intra-
cellular cAMP levels.

Another factor, which may play a role in the pathogenesis of
whooping cough, is the adenylate cyclase from B. pertussis.
Adenylate cyclase activity was originally detected in the culture
medium of B. pertussis (9, 10). It was subsequently discovered
that this enzyme is stimulated by CaM even though B. pertussis
does not contain CaM (11). Weiss et al. (12, 13) have deter-
mined that B. pertussis mutants deficient in adenylate cyclase
are avirulent. Recently, the B. pertussis adenylate cyclase has
been extensively purified by Shattuck et al. (14) to a specific
activity of 600 umol of cAMP/min/mg. Confer and Eaton (15),
and Hanski and Farfel (16) have shown that incubation of
crude preparations of the B. pertussis adenylate cyclase with
several types of animal cells incuding lymphocytes, S49 lym-
phoma cells, and neutrophils caused increases in intracellular

cAMP. Shattuck and Storm (17) demonstrated that a more
highly purified B. pertussis adenylate cyclase, lacking IAP,
catalyzed the formation of cAMP from intracellular ATP in
human erythrocytes and neuroblastoma cells.

In this study, we have examined the influence of B. pertussis
adenylate cyclase on intracellular cAMP levels of cultured chick
cardiac cells and the beating rate of cell aggregates. Invasion of
cardiac cells by B. pertussis adenylate cyclase was of interest
since the beating rate of cardiac cells is sensitive to intracellular
c¢AMP and could serve as a useful physiological assay for entry
of the enzyme into animal cells. The data reported in this study
indicate that cardiac cells are rapidly invaded by B. pertussis
adenylate cyclase with measurable effects on the beating rates
of cardiac cells.

Materials and Methods

QAE-Sephadex and cyanogen bromide-activated Sepharose 4B were
purchased from Pharmacia. Fetuin, ATP, cAMP, theophylline, and
protein kinase were from Sigma. [*P]NAD and «-[**P]ATP were
purchased from New England Nuclear, and [*HJcAMP was purchased
from International Chemical Nuclear. High and low molecular weight
standards for SDS-gel electrophoresis were from BioRad. IAP was
supplied by List Biologics. Medium M199 and fetal bovine serum were
purchased from GIBCO. All other reagents were of the finest available
grade from commercial sources.

ABBREVIATIONS: IAP, islet-inactivating protein; CaM, calmodulin; SDS, sodium dodecyl! sulfate; PBS, phosphate-buffered saline; EDTA, ethylene-

diaminetetraacetate.
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Adenylate cyclase assay. Adenylate cyclase was assayed at 30° by
the general method of Salomon et al. (18), using a-[**PJATP as a
substrate and [*H]cAMP to monitor product recovery. In a final volume
of 250 pul, each assay contained 20 mM Tris-Cl, pH 7.5, 1 mM o-[*P]
ATP (10 cpm/pmol), 5 mM MgCl,, and 0.1% bovine serum albumin.
CaM (2.4 uM) was included in some assays as indicated. All results are
presented as the mean of triplicate assays with standard errors of less
than 5%. One unit of adenylate cyclase activity is defined as that
activity which will catalyze the formation of 1 umol of cAMP/min
under standard assay conditions. Protein concentrations were deter-
mined by the method of Peterson (19) or a modification of the method
of Lowry et al. (20).

Intracellular cAMP determination. Cultured chick heart cells
on tissue culture plates were incubated at 37° for various periods of
time with medium M199 with 5 mM theophylline or adenylate cyclase
preparations in M199 with theophylline. After incubation, the medium
was removed and the cells were washed with ice-cold PBS before
assaying for cAMP. Intracellular cAMP was assayed by the method of
Gilman (21) as modified by Martin et al. (22) using purified cAMP-
dependent protein kinase.

Preparation of CaM. CaM was prepared from bovine brain by the
procedure of Dedman et al. (23) as modified by Olwin et al. (24).

Fetuin Sepharose. The fetuin affinity resin was prepared by cou-
pling 200 mg of fetuin with 25 g of cyanogen bromide-activated Seph-
arose 4B according to the manufacturer’s recommended procedure.

Partial purification of the CaM-sensitive adenylate cyclase
from B. pertussis. B. pertussis adenylate cyclase was purified by the
method of Shattuck et al. (14) and a brief description of that purifica-
tion is presented here. B. pertussis (Tohama phase 1) was grown from
a 5% inoculum in supplemented Stainer-Scholte medium (25) at 35.5°
with shaking until Aeso = 0.5. Bacterial suspensions were centrifuged
in a Beckman J6-3B for 1 hr at 48,000 rpm and the culture medium
containing adenylate cyclase activity was removed. QAE-Sephadex (500
ml) equilibrated in 20 mM Tris-HCI (pH 7.5), 20 mM NaCl, and 2 mM
MgCl, was added to 10 liters of B. pertussis culture medium and stirred
for 1 hr. The resin was poured into a column, and the adenylate cyclase
activity was eluted in two distinct peaks of activity with a linear 40
mM to 1 M NaCl gradient.

Peak I adenylate cyclase activity was applied to a 10-ml fetuin-
Sepharose column. The protein that flowed through the fetuin-Sepha-
rose column was concentrated 10-fold by Amicon ultrafiltration using
a PM-10 membrane. This enzyme preparation had a specific activity
of 100 umol of cAAMP/min/mg. All steps of the purification were carried
out at 4°.

Detection of contaminating IAP. The presence of IAP in enzyme
preparations was detected by its ability to catalyze the ADP-ribosyla-
tion of GTP-binding proteins in cerebral cortex membranes (26, 27).
Samples of IAP, used as a standard, and adenylate cyclase fractions
which had been run through a fetuin-Sepharose column were incubated
with 20 mM dithiothreitol for 30 min at 30°. Bovine brain membranes
prepared by the method of Andreasen et al. (28) were then incubated
for 1 hr at 30° with the IAP sample in a buffer containing 10 mM
thymidine, 1 mM EDTA, 5 mm MgCl,, 1 mMm ATP, 10 uM NAD, 40 mM
Tris-Cl (pH 8), and 20 xCi of [**P]NAD. The reaction was stopped by
the addition of 1 ml of cold 100 mM Tris-Cl (pH 8). Membranes were
washed and applied to a 10% polyacrylamide slab gel in SDS and
autoradiographed to detect labeling of IAP substrates. There was no
detectable IAP activity in the adenylate cyclase preparation used for
cell invasion studies.

SDS-gel electrophoresis. SDS-polyacrylamide gel electrophoresis
was carried out as described by Laemmli (29) and stained with Coo-
massie Brilliant Blue.

Cick cardiac monolayer cell cultures. Cardiac cell cultures were
prepared from 9-day-old chick embryos as described by Hunter and
Nathanson (30). The cells were grown in an atmosphere of 5% CO./
95% humidified air. The medium was changed on day 3 in culture and
experiments were conducted on day 4. The cells were grown to 80-

100% confluency in collagen-coated culture dishes prior to the start of
each experiment.

Chick cardiac aggregate cell cultures. Cardiac cell cultures were
prepared as described above with the following modifications. The cells
were placed in polypropylene tubes and grown in cell culture medium
in a 95% air/5% CO, incubator at 37° for 3 days. Chick cardiac cells
do not adhere to polypropylene and thus form aggregates. The cells
were then triturated with a fire-polished Pasteur pipette and plated
onto collagen-coated 35-mm dishes to which the resultant cell aggre-
gates attached. Cultures were used for beating rate measurements 1-2
days later.

Beating rate determination. The beating rate of cardiac aggregate
cell cultures was determined by measuring the time required for 20
beats using an electric stopwatch. Control beating rates were 100 + 5
beats/min. The beating rates of control cell aggregates remained con-
stant for 60 min or longer. All results are presented as the mean of
triplicate determinations with standard errors of less than 5%. Plates
were kept in a CO; incubator and only removed for brief periods (<1
min) to determine beating rates.

Results

Entry of B. pertussis adenylate cyclase into cultured
chick cardiac cells. Cultured chick cardiac cells were incu-
bated at 37° for 15 min with partially purified B. pertussis
adenylate cyclase (1.2 units/plate) which had been passed over
a fetuin-Sepharose column to remove contaminating IAP. In
addition, cardiac cells were also treated with 10 uM isoprotere-
nol, 100 uM forskolin, or a combination of these two drugs in
order to compare the effect of the bacterial enzyme on intra-
cellular cAMP levels with that caused by activators of endoge-
neous adenylate cyclase. All incubations were carried out in
media containing 5 mM theophylline to suppress phosphodies-
terase activity. After 20 min of incubation at 37°, the cells were
washed, lysed, and assayed for intracellular cAMP (Fig. 1). B.
pertussis adenylate cyclase caused a 15-fold increase in intra-
cellular cAMP (3700 pmol of cAMP/mg of protein) relative to
controls treated only with theophylline-containing media. The
levels of intracellular cAMP obtained by treatment with the
bacterial enzyme were significantly higher than those stimu-
lated by isoproterenol or forskolin alone. The maximum level
of intracellular cAMP obtainable by stimulation of the endo-
geneous adenylate cyclase with a combination of forskolin and
isoproterenol was 5600 pmol of cAMP/mg. However, treatment
of cardiac cells with higher concentrations of the bacterial
enzyme, 3.0 units/plate, gave intracellular cAMP levels up to
13,000 pmol of cAMP/mg (Fig. 2), illustrating that cAMP
production catalyzed by the internalized bacterial adenylate
cyclase can exceed the cAMP synthetic capacity of the cell.
These data suggest that B. pertussis adenylate cyclase enters
chick cardiac cells and catalyzes the synthesis of cAMP from
intracellular ATP.

The increase in intracellular cAMP catalyzed by B. pertussis
adenylate cyclase were inhibited approximately 80% by binding
of CaM to the enzyme, even though CaM stimulated the bac-
terial adenylate cyclase activity 5-fold. These data suggest that
the adenylate cyclase - CaM complex cannot enter cardiac
cells, and rule out the possibility that increases in intracellular
cAMP were due to synthesis of cAMP extracellularly by the
bacterial enzyme and transport of cAMP inside the cell. If the
latter were true, it would be difficult to rationalize inhibition
of intracellular cAMP increases by CaM, which stimulates the
enzyme. Furthermore, there is no obvious source for extracel-
lular ATP since the cells were healthy and intact during the
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Fig. 1. Increase in intracellular CAMP levels in
cultured chick cardiac cells stimulated by B.
pertussis adenylate cyclase. Chick cardiac cells
were grown to 80-100% confiuency as de-
scribed in Materials and Methods. Cultures were
washed with serum-free M199, then preincu-

bated with 5 mm theophylline in serum-free M199
for 20 min at 37°. After preincubation, cells were
incubated with M199 + 5 mm theophylline which
contained: no addition (Control), 10 um isopro-
terenol (/), 100 um forskolin (F), 100 um forskolin
+ 10 um isoproterenol (F + /), 1.2 units/plate B.
pertussis adenylate cyclase (AC), or 1.2 units/
plate B. pertussis adenylate cyclase with 5.4 um
CaM (AC + CaM), for 20 min at 37°. Cells were
then washed with ice-cold PBS and then as-
sayed for intracellular CAMP.

theophylline to determine whether B. pertussis adenylate cy-
clase can elevate intracellular cAMP without inhibition of
phosphodiesterase activity. Under these conditions, the bacte-
rial enzyme (1.2 units/ml) elevated cAMP levels to 1800 pmol
of cAMP/mg, which is approximately 50% lower than values
obtained with theophylline present. These data illustrate that
the rate of cAMP production catalyzed by internalized B.
pertussis adenylate cyclase can exceed the rate of cCAMP hy-
drolysis catalyzed by endogeneous phosphodiesterase activity.
Dose response curves for B. pertussis adenylate cy-
clase. The enzyme concentration dependence for increases in
intracellular cAMP catalyzed by B. pertussis adenylate cyclase
were determined by incubation of cardiac cells with varying
amounts of the enzyme for 20 min at 37° (Fig. 2). The maximum
levels of intracellular cAMP produced were 13,000 pmol of
cAMP/mg in the presence of 3.0 units of B. pertussis adenylate
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Fig. 2. Dose response curve for increases in intracellular CAMP caused
by B. pertussis adenylate cyclase. Chick cardiac cells were grown to 80-
100% confluency as described in Materials and Methods. Cultures were
washed with serum-free M199, then preincubated with 5 mm theophyliire
in serum-free M199 for 20 min at 37°. After preincubation, cells were
incubated with M199 + 5 mm theophylline which contained the indicated
adenylate cyclase activity (units = umol of CAMP produced/min) for 20
min at 37°. Cells were then washed with ice-cold PBS and then assayed
for intracellular CAMP.

course of the assay. This same preparation of B. pertussis
adenylate cyclase catalyzed the production of intracellular
cAMP when it was incubated with human erythrocytes (17).
Since human erythrocytes showed no endogeneous adenylate
cyclase activity, it seems highly likely that this enzyme invades
several types of animal cells including chick heart cells and
human erythrocytes.

The experiments described above were all carried out in the
presence of theophylline to allow maximum cAMP production.
Similar experiments were also carried out in the absence of

cyclase/plate. Measurable increases in intracellular cAMP were
obtained with as little as 0.01 unit of enzyme/plate which
stimulated the synthesis of 1000 pmol of cAMP/plate. It was
not technically feasible to use higher concentrations of the
enzyme because of the concentration of the adenylate cyclase
preparation and limits on the volume of enzyme sample that
could be applied. The response to the bacterial enzyme was
clearly not saturated at 3.0 units/plate.

Time course of entry of adenylate cyclase in cardiac
cells. In the experiments described above, cardiac cells were
routinely treated with B. pertussis adenylate cyclase for 20 min
to maximize synthesis of intracellular cAMP. It was of some
interest to monitor the kinetics for cell invasion since bacterial
toxins vary considerably in the time required to cross animal
cell membranes. Chick cardiac cells were incubated at 37° for
various periods of time with B. pertussis adenylate cyclase (0.15
unit/plate). At 2, 5, 10, 15, and 20 min the incubation was
terminated by removal of the media and then washing with ice-
cold PBS (Fig. 3). An increase in intracellular cAMP was
observed within 2 min after treatment of cardiac cells with B.
pertussis adenylate cyclase; however, the rate of cAMP synthe-
sis was not linear over 20 min. The rapid increase in intracel-
lular cAMP caused by B. pertussis adenylate cyclase is compa-
rable to that seen with erythrocytes or neuroblastoma cells (17)

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet.’

532 selfeetal.

3000}

pmoles cAMP / mg Protein

Time (min)

Fig. 3. Time course for increase in intracellular CAMP in cultured chick
cardiac cells. Chick cardiac cells were grown to 80-100% confiuency as
described in Materials and Methods. Cultures were washed with serum-
free M199, then preincubated with 5 mm theophylline in serum-free M199
for 20 min at 37°. After preincubation, cells were incubated at 37° with
M199 + 5 mm theophylline which contained 0.7 unit of adenylate cyclase
activity (units = nmol of CAMP produced/min). The incubations were
terminated at the indicated times by removal of the media and washing
with ice-cold PBS.

and suggests that the enzyme may not enter cardiac cells by
means of receptor-mediated endocytosis.

Effect of adenylate cyclase on the beating rate of chick
cardiac cell aggregates. The beating rates of chick cardiac
cell aggregates treated with B. pertussis adenylate cyclase were
monitored in order to determine whether the increases in
intracellular cAMP described above had any effect on the rate
of cardiac cell contractions. Chick cardiac cell aggregates were
incubated with B. pertussis adenylate cyclase (2 units of en-
zyme/plate), the enzyme plus CaM, CaM alone, or 100 uM
forskolin at 37°, and the beating rates were monitored as a
function of time for 1 hr (Fig. 4). Beating rates are reported as
a percentage of the rate observed with control cells (100 beats/
min) which were treated identically without forskolin or B.
pertussis adenylate cyclase. Cardiac cell aggregates incubated
in the presence of B. pertussis adenylate cyclase showed a rapid
decline in beating rate and stopped beating altogether after 30
min of exposure to the enzyme. Addition of CaM to B. pertussis
adenylate cyclase almost completely inhibited the effect of the
enzyme on cardiac cell beating rate. This effect of CaM is
consistent with the data in Fig. 1 which illustrated that the
increases in intracellular cAMP caused by B. pertussis adenyl-
ate cyclase were inhibited by binding of CaM to the enzyme.
CaM by itself had no effect on the beating rate of cardiac cell
aggregates. Forskolin, at 100 uM, completely inhibited the beat-
ing of cardiac cell aggregates, but the response to forskolin was
much more rapid and heart cells stopped beating after 2 min
of treatment with the drug.
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Fig. 4. Effect of adenylate cyclase and forskolin on the beating rate of
chick cardiac cell aggregates. Chick cardiac cell aggregates were grown
as described in Materials and Methods. Aggregates were washed with
Earle’s salts, containing 2.7 mm KCI, and allowed to equilibrate for 10
min in a CO, incubator. Prior to any additions the time required for 20
beats was measured (100% control). At time zero the following additions
were made: O, 0.2 unit of B. pertussis adenylate cyclase (n = 4); ®, 0.2
unit of B. pertussis adenylate cyclase + 5.4 um CaM (n = 2); 0, 5.4 um
CaM (n = 2); or B, 100 um forskolin (n = 2). All additions were in Earle’s
salts, containing 2.7 mm KCI, prewarmed to 37°. Incubations were in a
CO; incubator with the plates removed at indicated times to determine
time required for 20 beats; reported as percentage of control.

Since the increases in intracellular cAMP catalyzed by 2.0
units of adenylate cyclase/plate were quite high (6000-7000
pmol of cAMP/mg) and completely inhibited beating of cardiac
cells, several lower concentrations of enzyme were examined
(Fig. 5). B. pertussis adenylate cyclase at 1.8 or 0.18 units/plate
both inhibited the beating rate of cardiac cells, but the rate of
inhibition was faster at the higher enzyme concentration. In
contrast, enzyme at 0.018 unit/plate stimulated the beating
rate of cardiac cells by 40% and there was no inhibition of
beating rate for at least 30 min. This amount of bacterial
adenylate cyclase catalyzed an increase in intracellular cAMP
of approximately 800 pmol of cAMP/mg relative to untreated
controls.

Discussion

Previous studies have established that B. pertussis adenylate
cyclase invades several types of animal cells including lympho-
cytes, neutrophils, S49 lymphoma cells, erythrocytes, and neu-
roblastoma cells (15-17). In this study, treatment of cultured
chick cardiac cells with IAP-free B. pertussis adenylate cyclase
resulted in significant increases in intracellular cAMP that
were observable within 2 min after treatment of cells with the
enzyme. The maximum increase in intracellular cAMP reported
in this study (13,000 pmol of cAMP/mg of cellular protein) was
significantly higher than that produced by stimulation of car-
diac cells with forskolin, isoproterenol, or forskolin plus isopro-
terenol. Thus, the increases in intracellular cAMP caused by
the bacterial enzyme preparation exceeded the maximum pro-
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Fig. 5. Effect of varying amounts of B. pertussis adenylate cyclase on
beating rate of chick cardiac cell aggregates. Chick cardiac cell aggre-
gates were grown as described in Materials and Methods. Aggregates
were washed with Earle’s salts, containing 2.7 mm KCl, and allowed to
equilibrate for 10 min in a CO, incubator. Prior to any additions the time
required for 20 beats was measured (100% controi). At time zero, the
indicated amounts of adenylate cyclase were added. All additions were
in Earle’s salts, containing 2.7 mm KCI, prewarmed to 37°. Incubations
were in a CO; incubator with the plates removed at indicated times to
determine time required for 20 beats; reported as percentage of control.

duction of cAMP catalyzed by the endogenous adenylate cy-
clase. Furthermore, large increases in intracellular cAMP were
obtained in the absence of phosphodiesterase inhibitors, indi-
cating that the internalized bacterial enzyme can catalyze the
synthesis of cCAMP at rates exceeding that of total endogeneous
phosphodiesterase activity.

The increases in intracellular cAMP caused by B. pertussis
adenylate cyclase were inhibited by the addition of CaM, even
though the activity of the enzyme was stimulated by CaM.
Apparently, the enzyme - CaM complex cannot enter heart
cells. We conclude that B. pertussis adenylate cyclase enters
heart cells, forms a complex with CaM which activates the
enzyme, and catalyzes the formation of cAMP from intracel-
lular ATP. Since CaM stimulation of the enzyme can occur in
the absence of free Ca** (31), activation of the enzyme would
not be dependent upon the concentration of intracellular Ca®*.
The mechanism for cell entry is undefined; however, the very
strong affinity of the enzyme for CaM (31) creates a substantial
free energy gradient driving transport of the enzyme into cells
since there is no extracellular CaM.

Because contraction of heart muscle is regulated by fluctua-
tions in cAMP (32), one would anticipate that invasion of
cardiac cells by the bacterial adenylate cyclase would affect the
beating rates of cardiac cell aggregates. Low concentrations of
the enzyme, that increased intracellular cAMP approximately
800 pmol of cAMP/mg, did indeed stimulate the beating rate
of cardiac cell cultures 30-40%. However, higher concentrations
of the enzyme markedly inhibited beating rates. In fact, eleva-
tions of intracellular cAMP by 5000 to 6000 pmol of cAMP/
mg by B. pertussis adenylate cyclase completely inhibited car-
diac cell beating after 30 min of exposure to the enzyme. The
effects of B. pertussis adenylate cyclase on beating rates, like

the increases in cAMP, were antagonized by binding of CaM
to the enzyme. Forskolin, at 100 uM, also completely inhibited
the beating of cardiac cells, but the response to forskolin was
much more rapid. Although the mechanism for inhibition of
beating caused by B. pertussis adenylate cyclase or forskolin is
not known, it may be due to extremely high levels of cAMP
which are generally toxic for animal cells. Alternatively, high
cAMP may stimulate the release of excess intracellular free
Ca?*, resulting in contracture. The latter mechanism would be
analogous to caffeine contracture which is due to unphysiolog-
ically excess caffeine, elevated intracellular cAMP, and exces-
sive Ca®* release (33). There is also the possibility that inter-
actions between the bacterial adenylate cyclase and the cyto-
plasmic membrane may alter membrane function and affect
the heart contractility.

In summary, B. pertussis adenylate cyclase invades chick
cardiac cells, elevates intracellular cAMP, and alters the beat-
ing rate of chick heart cell aggregates. The influence of the
enzyme on heart beating rates may be due to changes in
intracellular cAMP, although other mechanisms including per-
turbation of membrane structure and ion permeability have to
be considered. The properties of B. pertussis adenylate cyclase
are consistent with the proposal that this enzyme is a toxin
which invades a variety of animal cells and alters cellular
functions through increases in cAMP.

References

1. Olson, L. C. Pertussis. Medicine (Baltimore) 54:427-435 (1975).

2. Jawetz, E., J. L. Melnick, and E. A. Adelberg. Review of Medical Microbiology,
Ed. 13. Lange Medical Publications, Los Altos, CA (1978).

3. Yajima, M., K. Hosada, Y. Kanbayashi, T. Nakamura, K. Nogimori, Y.
Mizushima, Y. Nakase, and M. Ui. Islet-activating protein (IAP) in Bordetella
pertussis that potentiates insulin secretory responses of rats: purification and
characterization. J. Biochem. 83:295-303 (1978).

4. Yajima, M., K. Hosada, Y. Kanbayashi, T. Nakamura, K. Nogimori, Y.
Mizushima, Y. Nakase, and M. Ui. Biological properties of islets-activating
protein (IAP) purified from the culture medium of Bordetella pertussis. oJ.
Biochem. 83:305-312 (1978).

5. Sekura, R., F. Fish, C. Manclark, B. Meade, and Y. Zhang. Pertussis toxin:
affinity purification of a new ADP-ribosyl transferase. J. Biol Chem.
258:14646-14651 (1983).

6. Katada, T., and M. Ui. Islet activating protein. A modifier of receptor-
mediated regulation of rat islet adenylate cyclase. J. Biol. Chem. 256:8310-
8317 (1981).

7. Katada, T., and M. Ui. Direct modification of the membrane adenylate
cyclase system by islet-activating protein due to ADP-ribosylation of a
membrane protein. Proc. Natl Acad. Sci. USA 79:3129-3133 (1982).

8. Katada, T., and M. Ui. ADP ribosylation of the specific membrane protein
of C6 cells by islet-activating protein associated with modification of adenyl-
ate cyclase activity. J. Biol. Chem. 257:7210-7216 (1982).

9. Hewlett, E., M. Urban, CC. Manclark, and J. Wolff. Extracytoplasmic ade-
nylate cyclase of Bordetella pertussis. Proc. Natl. Acad. Sci. USA 73:1926-
1930 (1976).

10. Hewlett, E., and J. Wolff. Soluble adenylate cyclase from the culture medium
of Bordetella pertussis: purification and characterization. J. Bacteriol
127:890-898 (1976).

11. Wolff, J., G. Cook, A. Goldhammer, and S. Berkowitz. Calmodulin activates
prokarotic adenylate cyclase. Proc. Natl Acad. Sci. USA 77:3841-3844
(1980).

12. Weiss, A., E. Hewlett, G. Myers, and S. Falkow. Tn-5 induced mutations
affecting virulence factors of Bordetella pertussis. Infect. Immun. 42:33-41
(1983).

13. Weiss, A., E. Heweltt, G. Myers, and S. Falkow. Pertussis toxin and extra-
cytoplasmic adenylate cyclase as virulence factors of Bordetella pertussis. J.
Infect. Dis. 150:219-222 (1984).

14. Shattuck, R., D. Oldenburg, and D. Storm. Purification and characterization
of a calmodulin-sensitive adenylate cyclase from Bordetella pertussis. Bio-
chemistry 24:6356-6362 (1985).

15. Confer, D., and J. Eaton. Phagocyte impotence caused by an invasive bacterial
adenylate cyclase. Science (Wash. D. C.) 217:948-950 (1982).

16. Hanski, E., and Z. Farfel. Bordetella pertussis invasive adenylate cyclase:
partial resolution and properties of its cellular penetration. J. Biol. Chem.
290:5526-5536 (1985).

17. Shattuck, R., and D. Storm. Calmodulin inhibits entry of Bordetella pertussis
adenylate cyclase into animal cells. Biochemistry 24:6323-6328 (1985).

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

aspet

534 selteetal.

18.
19.
20.

21.
22.

23.

24.

26.

Salomon, Y., D. Londos, and M. Rodbell. A highly sensitive adenylate cyclase
assay. Anal. Biochem. 58:541-548 (1974).

Peterson, G. A simplification of the protein assay method of Lowry et al
which is more generally applicable. Anal. Biochem. 83:346-356 (1977).
Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall. Protein
measurement with the Folin phenol reagent. J. Biol Chem. 193:265-273
(1951).

Gilman, A. G. A protein binding assay for adenosine 3':5’-cyclic monophos-
phate. Proc. Natl. Acad. Sci. USA 67:305-312 (1970).

Martin, J. M., D. P. Hunter, and N. M. Nathanson. Islet activating protein
inhibits physiological responses invoked by cardiac muscarinic receptors; role
of guanine nucleotide triphosphate binding proteins in regulation of potas-
sium permeability. Biochemistry 24:7521-7525 (1985).

Dedman, J., J. Potter, R. Jackson, J. Johnson, and A. Means. Biological
cross-reactivity of rat testis phosphodiesterase activator protein and rabbit
skeletal muscle troponin-C. J. Biol. Chem. 252:8415-8422 (1977).

Olwin, B. B,, A. M. Edelman, E. G. Krebs, and D. R. Storm. Quantitation of
energy coupling between Ca®*, calmodulin, skeletal muscle myosin light chain
kinase and kinase substrates. J. Biol. Chem. 259:10949-10955 (1984).

. Stainer, D., and M. Scholte. A simple chemically defined medium for the

production of phase I Bordetella pertussis. J. Gen. Microbiol. 63:211-220
(1971).

Neer, E. J., J. M. Lok, and L. G. Wolf. Purification and properties of the
inhibitory guanine nucleotide regulatory unit of brain adenylate cyclase. J.
Biol. Chem. 259:14222-14229 (1984).

217.

28.

29.

30.

31.

32.

33.

Sternweis, P. C., and J. D. Robishaw. Isolation of two proteins with a high
affinity for guanine nucleotides from membranes of bovine brain. J. Biol
Chem. 259:13806-13813 (1984).

Andreasen, T. J., W. Heideman, G. B. Rosenberg, and D. R. Storm. Photoaf-
finity labeling of brain adenylate cyclase preparations with azido ['**I}iodo-
calmodulin. Biochemistry 22:2757-2762 (1983).

Laemmli, U. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4. Nature (Lond.) 227:680-685 (1970).

Hunter, D. D., and N. M. Nathanson. Assay of muscarinic acetylcholine
receptor function in cultured cardiac cells by stimulation of *Rb efflux. Anal.
Biochem. 149:392-398 (1985).

Greenlee, D. V., T. J. Andreasen, and D. R. Storm. Calcium-independent
stimulation of Bordetella pertussis adenylate cyclase. Biochemistry 21:2759-
2764 (1982).

Brooker, G. Implications of cyclic nucleotide oscillations during the myocar-
dial contraction cycle. Adv. Cyclic Nucleotide Res. 5:435-452 (1975).

Katz, A. M., D. I. Repke, and W. Hasselbach. Dependence of ionophore and
caffeine induced calcium release from sarcoplasmic reticulum vesicles on
external and internal calcium ion concentrations. J. Biol. Chem. 262:1938-
1949 (1977).

Send reprint requests to: Dr. Daniel R. Storm, Department of Pharmacology
SJ-30, University of Washington, Seattle, WA 98195.

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/



