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Bordetella pertussis organisms secrete adenylate cyclase, at least one form of which can invade host cells and
appears to be a virulence factor. Treatment of urea extracts containing invasive cyclase of B. pertussis with
trypsin, chymotrypsin, or subtilisin abolishes the ability to increase intracellular cyclic AMP levels in CHO cells
(invasiveness) at concentrations that have minimal or no effects on adenylate cyclase activity. Higher protease
concentrations can inhibit catalytic activity, and 1 pM calmodulin protects this catalytic activity, but not
invasiveness, against proteolytic inhibition. Rabbit immunoglobulin G (IgG) fractions from antisera prepared
against urea extracts inhibited invasiveness at 10-fold-lower concentrations than inhibited catalytic activity.
One IgG from a rabbit immunized against a partially purified, noninvasive form of the B. pertussis adenylate
cyclase inhibited catalytic activity but was ineffective against invasiveness. We conclude that these two
properties of the adenylate cyclase are independent functions that reside on different domains of the same

protein or on different proteins.

The extracellular adenylate cyclase of virulent Bordetella
species is believed to be a virulence factor on the basis of the
following arguments. (i) The cyclase can raise cyclic AMP
(cAMP) levels of many cells far beyond what can be
achieved with stimulation of the cells’ own adenylate cyclase
(even when activated by other bacterial toxins such as
cholera or pertussis toxin) (11, 27). Macrophages attain
cAMP levels high enough to paralyze those functions that
would be effective in combating the infection (7, 9, 14). (ii) B.
pertussis mutants lacking adenylate cyclase are avirulent
(35). Similarly, degraded strains that have lost their viru-
lence no longer contain significant levels of the calmodulin-
activated adenylate cyclase (6, 16, 34). (iii) Bordetella spe-
cies in which the pertussis toxin gene is not expressed (1) (B.
parapertussis and B. bronchoseptica) retain virulence and
secrete an active, calmodulin-requiring enzyme that gener-
ally resembles that from B. pertussis (8, 28).

The enzyme requires calmodulin for activity (36). A pure
form of the enzyme has been identified as a protein of ca. 45
to 47 kilodaltons (kDa) (21, 25, 37), but larger forms have
also been shown to occur (14, 20, 30; unpublished observa-
tions), and a 190-kDa form has been cloned in Escherichia
coli (5, 12). The cloned 190-kDa form has not yet been
successfully tested for invasiveness, and large forms pre-
pared directly from B. pertussis cultures have not been
sufficiently purified to differentiate tight complexes from
single invasive proteins (30). As an approach to relating the
invasive to the catalytic properties of B. pertussis adenylate
cyclase, we have used limited proteolysis and inhibition by
antibodies to separate these functions.

MATERIALS AND METHODS

Invasive adenylate cyclase of B. pertussis 114 was pre-
pared by urea extraction of 24-h growths as described
previously (10). DEAE chromatography of these extracts
yielded a noninvasive form (10) with specific activities of 0.6
to 4.3 pmol of cCAMP/min per mg. Adenylate cyclase was
measured at 30°C for 10 min in a total volume of 60 pl
containing 60 mM Tris hydrochloride buffer (pH 7.9), 2 mM
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MgCl,, 1 mM ATP, =0.5 pCi of [a->*?P]ATP, 10 uM added
CaCl,, and 1.0 or 0.1 pM bovine brain calmodulin, and
[*?P]cAMP levels were determined (10). Protein was assayed
by the method of Bradford for column profiles (3); otherwise
it was determined by the bicinchoninic acid method (32) with
bovine serum albumin standards.

Chinese hamster ovary (CHO) cells were grown in 12-well
trays in Eagle minimal essential medium fortified with non-
essential amino acids, 10% fetal calf serum, glutamine,
penicillin, and streptomycin. Cells were washed once with
protein-free medium for 15 min, incubated at 37°C with the
cyclase in 1.0 ml of medium containing 0.3 mM isobutylme-
thylxanthine (final ethanol concentration, 1%) for 60 min,
washed twice in cold serum-free medium, and immediately
frozen on dry ice. When immunoglobulin G (IgG) was tested,
cells were incubated for 15 min at 37°C before addition of
cyclase. cAMP was assayed by radioimmunoassay as de-
scribed previously (29).

Conditions for proteolysis were determined from time and
concentration curves at different enzyme-urea extract
weight ratios for trypsin, chymotrypsin, and subtilisin. All
reactions were carried out in 20 mM Tris hydrochloride
buffer, pH 7.5, on ice for 10 min or as indicated. Trypsin and
chymotrypsin reactions were stopped with 50 uM aprotinin
or at constant weight ratios, and subtilisin reactions were
stopped with fresh 0.5 mM phenylmethylsulfony! fluoride in
dimethyl sulfoxide. When 1 uM bovine brain calmodulin was
used as a protector, an equivalent weight (17 pg/ml) of
bovine serum albumin served as a control and samples were
diluted 1:50 before assay. In all cases, one of at least three
experiments is reported.

Rabbits (strain P2W, 7 weeks of age, weighing =1 kg)
were injected intradermally with 155 g of a partially purified
form of the B. pertussis adenylate cyclase in complete
Freund adjuvant and boosted three times. Another set of
rabbits were injected with 1.6 mg of urea extract in complete
Freund adjuvant and boosted three times intradermally and
two times intravenously with 546 pg of urea extract. In some
rabbits, subcutaneous glucose injections were necessary
because of transient hypoglycemia (15). Sera were precip-
itated with 50% saturated ammonium sulfate over 6 to 8 h at
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FIG. 1. Inhibition of basal and calmodulin-stimulated adenylate cyclase activity by chymotrypsin and trypsin. Urea extract adenylate
cyclase (140 pg) was exposed on ice at pH 7.5 for 10 min to either chymotrypsin (left panels) or trypsin (right panels) at the ratios indicated.
Digestion was stopped by the addition of a 200-fold molar excess of aprotinin. Inactivated protease was used as a control. All values are means
of triplicates. Solid symbols, Controls; open symbols, treated with protease; circles, chymotrypsin; triangles, trypsin; half-solid circles,

adenylate cyclase and aprotinin controls.

4°C, pellets were dissolved with H,O, and the ammonium
sulfate precipitation was repeated twice. The dissolved
pellets were dialyzed in 0.0175 M NaPO, buffer, pH 6.3,
centrifuged briefly, and run over DE 52 columns, previously
equilibrated and eluted with the same buffer. The protein
content was measured, and the flowthrough peak tubes were
pooled, dialyzed against 0.025 M Tris hydrochloride buffer
(pH 7.9), and then lyophilized (rabbits 1, 2, and 4) or
lyophilized and then dialyzed (rabbits 6, 7, and 8).

Reagents used were as follows: trypsin-toluene sulfonyl
phenylalanyl chloromethyl ketone was from Worthington
Biochemicals; chymotrypsin type VII, subtilisin, and phen-
ylmethylsulfonyl fluoride were from Sigma Chemical Co.,
and aprotinin was from Boehringer Mannheim. All other
reagents were obtained as described previously (10).

For the protection experiment shown in Table 1, crude
adenylate cyclase (613 pg) was incubated with either 1 puM
calmodulin or 1 mM ATP for 5 min at room temperature and
cooled on ice. Trypsin was added at a ratio of 1:1,200 (wt/wt)
(2.6 pg/ml) and chymotrypsin at 1:1,000 (3.1 pg/ml) and
incubated on ice for 10 min at pH 7.5. Preincubated trypsin
was used as a control. Washed CHO cells were exposed to
adenylate cyclase alone (281 nmol/min per ml) or to adenyl-
ate cyclase treated for 60 min at 37°C, and intracellular
cAMP levels were determined. Results are means of tripli-
cate determinations. For cyclase assays, adenylate cyclase
(100 pg) was incubated with either 1 uM calmodulin or 1 mM
ATP for 5 min at room temperature and cooled on ice.
Trypsin was then added at 1:400 (5.3 pg/ml) and chymotryp-
sin at 1:200 (10.6 wg/ml) and incubated for 10 min at pH 7.5

on ice. Samples were diluted 1:40 into 0.1% serum albumin
(pH 7.9) and assayed for cyclase activity in triplicate.

RESULTS

Effect of proteolysis on catalytic and invasive properties.
The catalytic activity was known to be trypsin sensitive (17),
and more detailed studies showed considerable sensitivity of
the cyclase of urea extracts to three different proteases:
trypsin, chymotrypsin, and subtilisin. Basal and calmodulin-
stimulated adenylate cyclase activities were affected by
chymotrypsin and trypsin (Fig. 1). The weight ratios corre-
spond to chymotrypsin concentrations of 4.0 to 77.8 pg/ml
and trypsin concentrations of 4.1 to 51.8 pg/ml. To obtain
slow enough rates, reactions were carried out at 4°C and for
only 10 min. Although phenylmethylsulfonyl fluoride was a
less satisfactory inhibitor than aprotinin, similar results were
obtained for both trypsin and chymotrypsin when proteoly-
sis was stopped with this agent.

We also tested subtilisin because of its broad specificity.
Subtilisin proved to be more difficult to work with because
even at 0.5 mM phenylmethylsulfonyl fluoride, there re-
mained some residual proteolytic activity when more than
1:1,000 ratios of protease to protein were used (this effect
was primarily on invasiveness). Nevertheless, at a weight
ratio of 1:2,000, substantial inhibition of invasiveness could
be produced under conditions in which there was little effect
on adenylate cyclase activity (data not shown). It is clear,
therefore, that with three different proteases, the invasive
properties of the adenylate cyclase preparation are consid-
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FIG. 2. Comparison of the sensitivity of the catalytic and inva-
sive properties of B. pertussis adenylate cyclase to proteolysis. Urea
extract adenylate cyclase (612 ng) was exposed on ice at pH 7.5 to
chymotrypsin at 1:1,000 (0.61 pg) or trypsin at 1:1,200 (0.51 pg).
Digestion was stopped by 50 uM aprotinin. Proteases were inacti-
vated for the same time and used as controls. Washed CHO cells
were incubated for 60 min with 281 nmol/min per ml of intact or
proteolyzed cyclase and assayed for cAMP (20) (panel C). Values
are means of triplicate determinations. For catalytic activity, the
preparations were diluted 1:50 in 20 mM Tris (pH 7.9)-0.1% bovine
serum albumin and assayed for [>PJcAMP production (10). (A)
Chymotrypsin; (B) trypsin. Symbols: @, A, controls (inactivated
protease); O, A, experimental conditions; ©, adenylate cyclase
alone and aprotinin; O, @, chymotrypsin; A, A, trypsin.

erably more susceptible to proteolysis than is the catalytic
activity.

To check effects of chymotrypsin and trypsin on invasive-
ness, it was obviously necessary to use even lower protease-
urea extract ratios to detect differential effects, if any. We
thus chose low concentrations of protease and 10-min incu-
bations at 4°C, followed by addition of 50 uM aprotinin to
trypsin or chymotrypsin as our standard proteolysis condi-

tions, and we compared the effect of such treatment on the -

catalytic and invasive activities of the adenylate cyclase. As
shown in Fig. 2, concentrations of trypsin were found by
trial and error (1:1,200, or 2.6 pg/ml) that had negligible
effects on catalytic activity but virtually abolished invasion
of CHO cells by the adenylate cyclase. From such time
curves, we found that the ability of adenylate cyclase to
penetrate CHO cells is many times more sensitive to trypsin
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TABLE 1. Selective protection by calmodulin of catalytic
activity against trypsin and chymotrypsin

Invasiveness
(nmol of cAMP/min

Catalytic activity
(nmol of cAMP/min

Protease Addition per mg) per mg)
Control Experimental® Control Experimental®

Trypsin None 1.12 0.44 2.3 0.94

Calmodulin  0.92 1.76 2.2 0.53
(1 M)

ATP (1 mM) 1.12 0.56 — —

Chymo- None 1.08 0.60 2.2 0.16

trypsin Calmodulin  1.39 1.32 14 0.10
(1 M)

ATP (1 mM) 1.04 0.68 — —

¢ Dilutions were 1:400 and 1:200 for trypsin and chymotrypsin, respec-
tively.

® Dilutions were 1:1,200 and 1:1,000 for trypsin and chymotrypsin, respec-
tively.

‘—, Not determined.

than the catalytic activity. Exact estimates are, however, not
possible because of the very slow proteolysis of the adenyl-
ate cyclase activities.

Equally marked differences could be demonstrated with
chymotrypsin. Under the same incubation conditions and a
weight ratio of chymotrypsin to cyclase of 1:1,000 (3.1
ng/ml), there was complete dissociation of the proteolytic
effect on invasiveness of CHO cells (cAMP accumulation)
and catalytic activity (Fig. 2, open circles), and the differ-
ence in susceptibilities to this protease was even greater than
for trypsin.

Protection by calmodulin. Calmodulin is a potent activator
of B. pertussis adenylate cyclase (36), and thus the possibil-
ity that it might protect the enzyme against proteolysis
merited consideration. Adenylate cyclase was incubated
with 1 pM bovine brain calmodulin (17 pg/ml) or an equiv-
alent weight of bovine serum albumin at room temperature
for 5 min and subsequently exposed to higher concentrations
of trypsin (1:400 [5.3 pg/ml]) or chymotrypsin (1:200 [10.6
pg/ml]) for 10 min at 4°C, after which proteolysis was
stopped with aprotinin. The preparation was diluted 1:50 for
assay of adenylate cyclase activity.

Calmodulin pretreatment protected the catalytic activity
against trypsin and chymotrypsin (Table 1). This was not a
nonspecific protein effect, because an equivalent mass of
bovine serum albumin failed to prevent proteolysis of the
cyclase. By contrast, calmodulin did not protect invasive-
ness against the action of these proteases (Table 1). The
apparent increase in trypsin susceptibility in the presence of
calmodulin (Table 1) was not consistently observed. cAMP
accumulation in CHO cells was inhibited =70% whether
calmodulin was present or not. Note that lower protease
concentrations had to be used for this assay. Calmodulin
protection thus constitutes a second example of dissociation
of catalytic from invasive effects of the cyclase preparation.

An interesting side effect of the proteolysis of adenylate
cyclase preparations by trypsin in the presence of calmodu-
lin was the enhancement of catalytic activity (Table 1). This
was always seen in these experiments and amounted to an
average of 40% in five experiments. Chymotrypsin led to a
smaller or negligible stimulation. Whether this is the result of
the removal of an inhibitor or results from a proteolytic cut
not possible or less favored in the uncomplexed cyclase
remains to be determined. Such activation is known to occur
with some other calmodulin-activated enzymes.
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FIG. 3. Differential inhibition of invasiveness and catalytic activity of adenylate cyclase by anti-adenylate cyclase antibodies. CHO cells
were incubated for 15 min with either IgG-7 or IgG-2 at 37°C. Adenylate cyclase (222 nmol/min per ml) was then added, incubation was
continued for 60 min, and intracellular cAMP was determined (29). The values are means of triplicate determinations. For cyclase assays,
1gG-7 was added to adenylate cyclase at 4°C for 60 min, brought to 30°C for 2 min, and assayed. All values are means of triplicate
determinations. Open symbols, Catalytic activity; solid symbols, invasiveness; half-solid circles, adenylate cyclase alone; triangles,

commercial IgG.

The possibility that proteolysis occurred at the calmodu-
lin-binding site rather than at the catalytic site had to be
considered. To shed light on this, the effect of trypsin on
basal adenylate cyclase activity (assayed in the absence of
any calmodulin) was measured at the same trypsin-cyclase
weight ratio during proteolysis but with 10 times as much
enzyme for the assay. Trypsin and chymotrypsin concentra-
tions that completely inhibited calmodulin-stimulated activ-
ity did not inhibit basal adenylate cyclase activity (Fig. 2A
and B). These data suggest that proteases may inhibit the
calmodulin-stimulated catalytic activity primarily by abol-
ishing the binding of calmodulin. This has been found
previously under more drastic conditions of proteolysis (21).
The fact that ATP, which would be expected to shield the
catalytic site, failed to protect the cyclase against trypsin or
chymotrypsin is consistent with such a postulate (Table 1).

Differential inhibition by polyclonal antibodies. Polyclonal
antibodies were produced in rabbits against either the urea
extracts of B. pertussis (strain 114) or a DEAE-purified
preparation. Because of numerous inhibitory factors present
in serum, it was necessary to purify these sera to the IgG
stage to facilitate comparisons. All six IgG fractions com-
pletely inhibited calmodulin-stimulated catalytic activity of
the cyclase preparations with a 50% inhibitory concentration

of 150 to 300 pg of IgG per ml (data not shown). Preincuba-
tion of the enzyme with IgG from 10 to 60 min increased
potency by a factor of two to three. The dose-response curve
of one such IgG preparation is depicted in Fig. 3 (top panel).
Control IgG preparations had no effect (triangles). The same
IgG preparation inhibited invasiveness with ~10-fold greater
potency. Other IgG preparations from sera prepared against
urea extracts inhibited invasiveness at a three- to fourfold
lower concentration than catalytic activity.

One IgG preparation obtained from a rabbit immunized
against a DEAE-purified, noninvasive form of the cyclase
exhibited anticatalytic potency like the other sera but had
virtually no antiinvasive effect in CHO cells exposed to an
invasive form of the enzyme (Fig. 3, bottom panel). These
findings provide a third example of the dissociation of
invasiveness and catalytic activity and suggest that different
epitopes are involved in the inhibition of the catalytic and
invasive properties of the cyclase.

DISCUSSION

A considerable number of microbial toxins act through
regulation of CAMP levels of host cells. These include toxins
from Vibrio cholerae (27), Escherichia coli (27), Bacillus
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subtilis (19), Yersinia pestis (2), Kluyveromyces lactis (33),
Bordetella pertussis and related species (18), and Bacillus
anthracis (23). In the majority of examples, the toxins
interact with the adenylate cyclase-cAMP system of the host
cells. With Bordetella species and Bacillus anthracis, how-
ever, a highly active, calmodulin-requiring adenylate cyclase
is provided by the microorganism. The pertussis cyclase can
be clearly distinguished from pertussis toxin by causing
much greater cAMP accumulation, failure to be neutralized
by anti-pertussis toxin antibodies, and more rapid onset of
cAMP accumulation.

The facts that the B. pertussis adenylate cyclase appears
to be a virulence factor (see above) and has a largely
extracellular location (17) suggested that penetration of the
host cell plasma membrane might be required. Indirect
evidence for this stems from the findings that cells exposed
to the invasive form of the enzyme contain cyclase activity
different from that of the host (9), that a fraction of this
enzyme cannot be washed off (9, 11), and that the enzyme
can generate cAMP in human erythrocytes, which contain
trivial amounts of their own cyclase (11, 14, 31). Penetration
does not occur by endocytosis (11, 13, 14), but the method of
translocation has not been elucidated. For the cyclase from
B. anthracis, the evidence is consistent with a binary toxin
model in which the binding moiety is a separate protein, the
protective antigen. This factor, with the help of a small
proteolytic cut, translocates the catalytic moiety (edema
factor) to the interior (23, 24). No similar mechanism has yet
been shown for the functionally similar but physically dif-
ferent adenylate cyclase from B. pertussis. However, the
present results suggest that such a mechanism is involved,
because translocation or invasiveness is readily dissociated
from catalytic activity on a number of operational grounds,
such as sensitivity to proteolysis, protection against prote-
olysis by calmodulin, and sensitivity to antibodies. More-
over, the marked sensitivity of Bordetella adenylate cyclase
preparations to proteolysis probably accounts for many of
the discrepant results reported in the literature regarding size
and invasiveness (12, 14, 18, 20, 21, 25, 37).

The catalytic and calmodulin-binding sites are believed to
reside in the N-terminal end of the =190-kDa adenylate
cyclase (with a 5.2-kilobase open reading frame encoding a
1,706-amino-acid polypeptide) (12). It was of interest, there-
fore, to test for possible protection of the enzyme by
calmodulin occupancy. Calmodulin provided virtually com-
plete protection of adenylate cyclase activity against inacti-
vation by trypsin (Table 1), and similar results have been
reported recently under very different conditions of proteol-
ysis (21). Calmodulin also provided protection against chy-
motrypsin (Table 1) and subtilisin (data not shown). These
results do not distinguish between inability to activate the
catalytic activity with calmodulin from damage to the cata-
lytic site. Our preliminary results with basal activity suggest
that the catalytic site remains intact; hence, the former of
these mechanisms seems the more probable. This is con-
firmed by the fact that ATP did not protect the catalytic
activity against proteolysis (Table 1). The invasive activity
of these Bordetella preparations was not protected by 1 uM
calmodulin, suggesting that this domain was separate, re-
mote from the calmodulin-binding site, or not under confor-
mational control by the regulator.

Polyclonal or monoclonal antibodies prepared against B.
pertussis adenylate cyclase inhibit catalytic activity or inter-
act with several forms of the enzyme (4, 21, 26, 30), and we
have shown that U.S. standard antipertussis rabbit antisera
(11) and hyperimmune human sera (generously provided by
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C. R. Manclark, Food and Drug Administration) cause near
total inhibition of B. pertussis adenylate cyclase activity
(manuscript in preparation). Polyclonal antibodies prepared
in rabbits against urea extracts of B. pertussis (strain 114)
organisms readily inhibit catalytic activity, but titers against
invasive activity are higher than against catalytic activity,
and an antiserum prepared against a noninvasive form of the
enzyme had normal anticatalytic potency but was virtually
devoid of antiinvasive activity.

Together, these data suggest that the protein domains
involved in invasiveness and catalytic activity are different.
Two possible modes of invasion by the cyclase are visual-
ized. In one, a single gene product (which may need to be
modified posttranslationally to produce the invasive form) is
subsequently hydrolyzed, with loss of invasiveness but
retention of catalytic activity. From the sequence of the
cloned activities (5, 12), the penetration domain would have
to be ‘‘downstream’ (toward the C terminus) from the
catalytic domain. Because a second gene product or use of a
degraded enzyme cannot be ruled out, the present data are
equally compatible with a binary toxin in which a separate
invasive factor is more sensitive to proteolysis than the
catalytic unit. The possibility that such a factor may exist
was recently proposed (M. G. Donovan, H. R. Masure, and
D. R. Storm, abstr. 2395, J. Cell Biol. 107:420a, 1988). A
decision between these two modes will require more highly
purified factors.
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