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Calcium-Independent Stimulation of Bordetella pertussis Adenylate Cyclase 
by Calmodulint 

Donald V. Greenlee, Terrence J. Andreasen, and Daniel R. Storm* 

ABSTRACT: Bordetella pertussis produces an extracellular 
adenylate cyclase activity that is present in the culture medium 
of exponentially growing cells. We have determined that 
calmodulin (CaM) stimulates this enzyme both in the presence 
and in the absence of free Ca2+. In the presence of 90 pM 
Ca2+ half-maximal stimulation of the enzyme occurred at 95 
pM calmodulin. Comparable levels of calmodulin stimulation 
were observed when free Ca2+ levels were minimized by using 
EGTA-containing buffers. However, the concentration of 
CaM required for half-maximal stimulation of B. pertussis 

Bordetella pertussis is a small Gram-negative bacilli that 
is the pathogen responsible for whooping cough (Olson, 1975; 
Jawetz et al., 1978). The organism adheres to and multiplies 
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adenylate cyclase in the presence of 1 nM free Ca2+ was 24 
nM. The apparent affinity of the enzyme for calmodulin was 
also significantly enhanced by Mn2+. In addition, troponin 
I inhibited calmodulin stimulation of the bacterial adenylate 
cyclase. Photoaffinity cross-linking experiments using azi- 
do[ '"I]calmodulin and B. pertussis adenylate cyclase revealed 
only one major cross-linked product having a molecular weight 
of 97000. It is proposed that the catalytic subunit of the 
calmodulin-sensitive adenylate cyclase is 77 000. 

on the surface of tracheal and bronchial epithelium, interfering 
with ciliary function (Linnemann, 1978). Although the mo- 
lecular basis for B. pertussis pathology is undefined, culture 
media of growing B. pertussis contain a number of biologically 
active components (Morse, 1976). The culture medium of 
exponentially growing B. pertussis accumulates a soluble 
adenylate cyclase that is insensitive to a-keto acids and guanyl 
nucleotides (Hewlett et al., 1976; Hewlett & Wolff, 1976). 
It has been reported that this enzyme is monomeric with a 
molecular weight of 70 000 on NaDodS0,l gels and sucrose 

0 1982 American Chemical Society 



2760 B I O C  H E M I  S T R Y  G R E E N L E E ,  A N D R E A S E N ,  A N D  STORM 

density gradients (Hewlett & Wolff, 1976). Recently, it was 
discovered that B. pertussis adenylate cyclase is stimulated 
by calmodulin (CaM), and various criteria for specificity 
suggested that CaM activation of this enzyme may be func- 
tionally significant even though these bacteria do not contain 
CaM (Wolff et al., 1980). Data reported with whole bacteria 
indicated that CaM regulation of B. pertussis adenylate cyclase 
differed significantly from CaM stimulation of brain adenylate 
cyclase. For example, EGTA reversal of CaM stimulation was 
either minimal or not observed at all. 

In the present study, CaM stimulation of adenylate cyclase 
obtained from B. pertussis culture medium was characterized 
in order to compare this enzyme to other CaM-regulated 
systems. The sensitivity of this enzyme preparation to CaM 
in the presence of Ca2+ was 500-fold greater than that reported 
by Wolff et al. (1980) using whole bacteria. Equivalent or 
higher levels of CaM stimulation were observed even in the 
presence of 1 nM free CaZ+. In addition, photoaffinity 
cross-linking studies using azido- [ 1251]CaM showed only one 
major CaM binding protein with a molecular weight of 77 000. 

Materials and Methods 
Materials. Bovine serum albumin, parvalbumin, bovine 

heart cytochrome c, sperm whale myoglobin, soybean trypsin 
inhibitor, and chicken egg ovalbumin were products of Sigma. 
[3H]cAMP was purchased from New England Nuclear. 
Troponin I was purified from rabbit muscle by the method 
of Wilkinson (1974), and calmodulin was purified from bovine 
brain as previously described (LaPorte et al., 1979). 

Adenylate Cyclase Assay. Adenylate cyclase was assayed 
by the general method of Salmon et al. (1974) except that an 
ATP-regenerating system was unnecessary. Assay mixtures 
contained 0.86 mM [CY-~~PIATP (100 cpm/pmol), 10 mM 
MgCl,, 10 mM Tris-HC1 (pH 7 . 5 ) ,  and 1 mg/mL bovine 
serum albumin unless otherwise specified. Assays were carried 
out in triplicate at 30 OC for 10 min, and recovery was 
monitored with [3H]cAMP. In some assays CaM, CaC12, 
MnCl,, or EGTA was present as indicated. 

Preparation of Adenylate Cyclase. B .  pertussis (strain 
Tohama phase 1 )  was grown from a 5% inoculum in supple- 
mented Stainer-Scholte medium (Stainer & Scholte, 1971) 
for 28 h at 35.5 OC with shaking. This growth medium 
contained 180 pM added CaCl,. Bacterial suspensions were 
centrifuged at 5OOOg for 30 min, and the supernatant con- 
taining CaM-sensitive adenylate cyclase was rapidly frozen 
in aliquots and stored at -70 OC. Thawed samples were 
centrifuged at ISOOOOg for 45 min prior to use to ensure 
removal of particular material. The initial activities of the 
fresh enzyme in the presence and absence of CaM were 4.4 
x lo6 and 2.4 X lo4 pmol of CAMP (10 min)-l mg-I, re- 
spectively. After 2 months of storage at -70 OC, the basal 
activity increased to 2.4 X lo5 units/mg, and activity in the 
presence of CaM dropped to 2.8 X lo6 units/mg. 

Determination of Ca2+ Concentrations. The total calcium 
concentrations of protein solutions, reagents, and the complete 
assay cocktail were determined by atomic absorption with a 
Perkin-Elmer Model 305B atomic absorption spectrophotom- 
eter with a graphite furnace. CaM used in assays was ex- 
tensively dialyzed against 50 mM Tris-HC1, pH 7.5,  containing 
500 pM EGTA, and the enzyme preparations were desalted 
into the same buffer to minimize Cat+ concentrations. The 

' Abbreviations: CaM, calmodulin; EGTA, ethylene glycol bis(P- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid; PMSF, phenylmethane- 
sulfonyl fluoride; TNI, troponin I; NaDodS04, sodium dodecyl sulfate; 
CAMP, adenosine cyclic 3',5'-phosphate; ATP, adenosine 5'-triphosphate; 
Tris, tris(hydroxymethy1)aminomethane. 
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FIGURE 1 : Calmodulin stimulation of B. pertussis adenylate cyclase 
in the presence of Ca2+. Adenylate cyclase activity obtained from 
the culture media of B. perfwsis was assayed at varying concentrations 
of CaM in the presence of 90 pM CaCI2. Adenylate cyclase was 
assayed as described under Materials and Methods. pCaM is -log 
[calmodulin] . 
total Ca2+ concentration of the complete assay cocktail in- 
cluding assay reagents, CaM (2  pM), and the enzyme prep- 
aration was 90 pM. 

Photoaffinity Labeling with Azido- [ 125fl CaM. Azido- 
[12SI]CaM was prepared by the method of Andreasen et al. 
(1981). The B. pertussis culture supernatant (50 mL) was 
lyophilized and resuspended in 10 mL of 50 mM Tris-HC1, 
pH 7.5,  containing 200 pM EGTA (buffer A) and concen- 
trated to 1 mL by ultrafiltration with an Amicon PM-30 
membrane. Dilution in buffer A and ultrafiltration concen- 
tration were then repeated 3 times. After repeated dilutions 
and concentrations, the enzyme still retained its sensitivity to 
CaM. The enzyme solution (100 pL) and a z i d ~ - [ ' ~ ~ I ] C a M  
(10 pL) were then incubated in a final volume of 150 pL for 
10 min, photolyzed, and run on NaDodSOo gels and submitted 
to autoradiography as previously described (Andreasen et al., 
1981). The final samples all contained 10 pg of enzyme 
preparation, 0.33 pM az id~- [ '~~I ]CaM,  and 1.2 mM EGTA 
in 50 mM Tris-HC1, pH 7 . 5 .  When present, underivatized 
CaM was 7.8 pM. 

Results 
CaM Stimulation of B. pertussis Adenylate Cyclase. The 

CaM concentration dependence for stimulation of adenylate 
cyclase was examined both in the presence and in the absence 
of free Ca2+. In the presence of 90 pM total CaZ+, half- 
maximal stimulation occurred at 95 pM CaM (Figure 1 ) .  The 
log interval for 10-90% of maximal stimulation by CaM was 
1.9 log units, indicating that CaM stimulation did not show 
cooperativity. The maximum stimulations by CaM varied 
considerably from one preparation to another. For example, 
the data shown in Figure 1, which illustrates a 10-fold stim- 
ulation by CaM, were obtained with an enzyme sample that 
had been frozen and thawed. Preparations of adenylate cyclase 
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FIGURE 2: Calmodulin activation of E.  pertussis adenylate cyclase 
in the absence of free Ca2+. (A) B. pertussis culture media containing 
adenylate cyclase was desalted into 50 mM Tris-HC1, pH 7.5, con- 
taining 500  pM EGTA with a Bio-Rad P2 column equilibrated in 
this buffer. Adenylate cyclase activity was assayed as a function of 
calmodulin concentration as described under Materials and Methods. 
pCaM is -log [calmodulin]. The concentration of EGTA in the assay 
mixture was 200 pM, and total Ca2+ was 90 pM. (B) Same as (A) 
except the concentration of EGTA in the assay mixture was 5 mM. 
Free Ca2+ concentration was I 1  nM. 

assayed directly from the growth media without freezing were 
stimulated approximately 200-fold by CaM. 

When free Ca2+ was minimized by desalting of the enzyme 
into an EGTA-containing buffer and the enzyme was assayed 
in the presence of 200 pM EGTA, CaM stimulated the en- 
zyme 23-fold (Figure 2A). However, the concentration of 
CaM required for half-maximal stimulation of adenylate 
cyclase in the absence of free Ca2+ was 24 nM. In order to 
be absolutely certain that there was insufficient free Ca2+ to 
account for the observed stimulation by CaM, we carried out 
an analogous experiment in the presence of 5 mM EGTA 
(Figure 2B). Again, half-maximal stimulation occurred at 24 
nM CaM. The total Ca2+ concentration in the complete assay 
cocktail containing all reagents, CaM, and the enzyme prep- 
aration was 90 f 10 FM. In the presence of 5 mM EGTA 
and 10 mM MgClz at pH 7.5 it can be calculated that free 
Ca2+ is no greater than 1 nM (Schmid & Reilley, 1957; 
Schwarzenbach, 1957; Sillen & Martell, 1964). Since the 
dissociation constants for CaMCa2+ complexes are 1 pM or 
greater even in the presence of CaM binding proteins (Keller 
et al., 1981), the CaM stimulation reported in Figure 2B must 
be due to CaM and not to CaM.Ca2+,. The data reported in 
Figures 1 and 2 were obtained with the same enzyme prepa- 
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FIGURE 3: Effect of EGTA on CaM stimulation of E .  pertussis 
adenylate cyclase. Growth media containing adenylate cyclase was 
assayed with increasing concentrations of EGTA in the presence (0) 
or absence (0) of 100 nM CaM. The total concentration of Ca2+ 
in the complete assay mixture was 90 pM. pEGTA is -log [EGTA]. 

ration, and it is evident that CaM stimulation is approximately 
2-fold greater in the absence of free Ca2+ than in the presence 
of Ca2+. However, the CaZ+ concentration used for the ex- 
periment in Figure 1 was not necessarily optimal for CaM 
stimulation, and the differences in maximal activity seen in 
the absence and presence of Ca2+ may be due in part to Ca2+ 
inhibition at higher Ca2+ concentrations (see Figure 5 ) .  

Effects of EGTA on CaM Stimulation. The data reported 
above indicated that CaM stimulated B. pertussis adenylate 
cyclase in the absence of significant levels of free Ca2+ ( I 1  
nM Ca2+). This general observation was confirmed by ex- 
amining CaM stimulation as a function of increasing EGTA 
up to 3 mM EGTA. As shown in Figure 3, EGTA at con- 
centrations as high as 3 mM did not reverse CaM stimulation 
of the enzyme. These data are consistent with that reported 
in Figure 2B where it was shown that 5 mM EGTA did not 
inhibit CaM stimulation when CaM was 100 nM. 

Kinetics for Loss of CaM Sensitivity. CaM stimulation of 
B. pertussis adenylate cyclase was quite variable depending 
upon storage conditions. Therefore, the enzyme preparation 
was incubated at 4 OC for various periods of time up to 25 
h and then assayed for basal and CaM-stimulated activities 
(Figure 4). Initially, this preparation was stimulated 8-fold 
by CaM. After 25 h, CaM stimulation was lost. During this 
time period the basal activity increased 3.5-fold. This behavior 
is similar to results obtained with other CaM-regulated en- 
zymes in which limited proteolysis has been shown to activate 
the enzymes with loss of CaM sensitivity (Klee et al., 1980). 
The addition of PMSF did not significantly affect the rate for 
loss of CaM stimulation. The apparent stimulation by PMSF 
was due to low amounts of ethanol used as a solvent for PMSF. 
Ethanol (1%) by itself activated the enzyme approximately 
30%. Incubation with 250 mM sucrose also did not signifi- 
cantly affect the rate of increase in basal activity or loss in 
CaM stimulation. Although the basis for these activity 
changes was not examined in any further detail, it seems likely, 
by analogy with other CaM-regulated enzymes, that they may 
be due to limited proteolysis. 

Ca2+ and Mn2+ Stimulation of B. pertussis Adenylate 
Cyclase. Adenylate cyclase activity was assayed as a function 
of Ca2+ concentration in the presence of no added CaM, 0.1 
nM CaM, and 4.8 pM CaM (Figure 5). In all cases, 200 
pM EGTA was present and the Ca2+ concentrations given in 
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FIGURE 4: Kinetics for loss in CaM sensitivity of B. pertussis adenylate 
cyclase. Adenylate cyclase in the growth media was incubated for 
various periods of time at 4 OC with no additions (0, e), in the 
presence of 1 mM PMSF (m), or in the presence of 250 mM sucrose 
(A). The enzyme was then assayed in either the presence (0, m, A) 
or absence (0) of 5 pM CaM. 
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FIGURE 5 :  Ca2+ dependency for calmodulin activation of B. pertussis 
adenylate cyclase. Cyclase from B. pertussis culture media was 
desalted into 50 mM Tris-HC1, pH 7.5, containing 500 pM EGTA 
and assayed as a function of varying Ca2+ concentrations. (0) Without 
added CaM; (0) in the presence of 0.1 nM calmodulin; (A) in the 
presence of 4.8 pM calmodulin. EGTA concentration in the assay 
was 200 pM. pCa2+ is -log [Ca2+]. 

Figure 4 are total CaC1, added. In the absence of CaM, there 
was little or no effect of Ca2+ on basal enzyme activity. In 
the presence of 4.8 pM CaM, which would saturate the en- 
zyme even in the absence of free Ca2+ (Figure 2), added CaCl, 
in excess of EGTA simply inhibited the enzyme. At 0.1 nM 
CaM, which corresponds to the concentration of CaM for 
half-maximal stimulation in the presence of Ca2+ (Figure l) ,  
Ca2+ stimulated the enzyme at low concentrations and pro- 
gressively inhibited adenylate cyclase at higher concentrations. 
The biphasic response to Ca2+ in the presence of CaM is 
similar to that exhibited by the CaM-sensitive adenylate 
cyclase from bovine cerebral cortex (Westcott et al., 1979). 
Maximal CaM stimulation occurred at approximately 0.05 

I '  
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FIGURE 6 :  Mn2+ dependency for CaM stimulation of B. pertussis 
adenylate cyclase. Adenylate cyclase was desalted into 50 mM 
Tris-HCI (pH 7.5) containing 500 pM EGTA and then assayed for 
adenylate cyclase activity in the absence (0) or presence (0) of 0.1 
nM CaM. The final EGTA concentration in the assays was 200 pM. 
pMn2+ is -log [Mn*+]. 

pM free Ca2+, which is similar to that reported by Piascik et 
al. (1980) for brain adenylate cyclase. These data are con- 
sistent with the results presented in Figures 1 and 2, which 
illustrated that CaM can stimulate the enzyme even in the 
absence of free Ca2+. High levels of EGTA did not inhibit 
CaM stimulation of the enzyme when CaM concentrations 
were greater than 1 pM since the apparent dissociation con- 
stant for the CaM-adenylate cyclase complex was 24 nM in 
the absence of Ca2+. 

Mn2+ binds to CaM (Wolff et al., 1977) and will support 
CaM stimulation of the CaM-sensitive adenylate cyclase from 
bovine brain (Keller et al., 1980). Therefore, the activity of 
B. pertussis adenylate cyclase was examined as a function of 
Mn2+ concentration in the absence and presence of 0.1 nM 
CaM (Figure 6 ) .  All assays were carried out in the presence 
of 10 mM MgC1,. Basal adenylate cyclase activity was 
unaffected by MnC1, at concentrations up to 1 mM. In 
contrast to most other adenylate cyclase activities, the B. 
pertussis enzyme actually exhibits higher activity with MgC1, 
than with MnC12. Mn2+ did, however, support CaM stimu- 
lation of the enzyme with maximal activities comparable to 
that observed with Ca2+. In contrast to Ca2+, higher levels 
of Mn2+ did not inhibit the enzyme in the presence or absence 
of CaM. These observations suggest that the Ca2+ inhibition 
reported in Figure 4 is not mediated through CaM. 

Inhibition of CuMStimulution by TNZ. TNI forms a 1:l 
complex with CaM (LaPorte et al., 1980; Andreasen et al., 
1981), and its affinity for CaM is enhanced approximately 
3000-fold in the presence of Ca2+ (Keller et al., 1981). In 
addition, TNI inhibited CaM stimulation of the Ca2+-sensitive 
phosphodiesterase and other CaM-stimulated enzymes (La- 
Porte et al., 1980), suggesting that TNI binds to the same 
domain on CaM as other CaM-regulated enzymes. Therefore, 
the influence of TNI on CaM stimulation of B. pertussis 
adenylate cyclase was examined (Figure 7). TNI caused a 
slight stimulation of basal adenylate cyclase activity, which 
was probably due to contamination by low levels of CaM. 
When TNI and CaM were preincubated prior to addition of 
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RGUW 7: Inhibition of CaM stimulation of B. pertussis adenylate 
cyclase by troponin I (TNI). Varying concentrations of TNI were 
preincubated with 1 nM CaM and 100 pM CaCI, for 1 h. and then 
adenylate cyclase was assayed in either the absence (0) or presence 
(0) of the TNICaM complex as described under Materials and 
Methods. pTNI is -log [TNI]. 
adenylate cyclase, CaM stimulation was inhibited by TNI. 
Half-maximal inhibition of CaM stimulation occurred at  
approximately 0.9 pM TNI. These data indicate that the 
Ca2+,.CaM.TNI complex does not stimulate E .  pertussis 
adenylate cyclase, which is analogous behavior to that of other 
CaM-regulated enzymes. 

Photoaffinity Lubeling with Azide[’’IICaM. We recently 
reported that azido-[”’I]CaM retains its affinity for CaM 
binding proteins and demonstrated that this reagent can be 
used to specifically photoaffinity label CaM binding subunits 
of TNI, myosin light chain kinase, the Ca’+-sensitive phos- 
phodiesterase, and the Caz*,Mg2+-ATPase (Andreasen et al., 
1981). Samples of the impure E. pertussis adenylate cyclase 
were photoaffinity labeled with a~ide[’~’I]CaM in an attempt 
to identify the enzyme on NaDodSO, gels. Since data dis- 
cussed previously indicated that CaM interacts with this en- 
zyme even in the absence of free Ca’+, photoaffinity labeling 
was carried out in the presence of 1.2 mM EGTA with no 
added Ca’*. The total calcium in the reaction mixture in- 
cluding all reagents was IO pM. In the presence of 1.2 mM 
EGTA at pH 7.5 the concentration of free calcium was ap- 
proximately 0.3 nM (Sillen & Martell, 1964). The concen- 
tration of azid~-[’~~I]CaM was 0.33 pM, which would be 
sufficient to saturate adenylate cyclase under these conditions. 
The apparent activation constant was 24 nM in the presence 
of 1 nM free Ca’+ (Figure 2). Photoaffinity labeling exper- 
iments revealed one major cross-linked polypeptide with a 
molecular weight of 97000 on NaDodSO, gels (Figure 8 ) .  
This crm-linked product was not produced when photoaffinity 
labeling was carried out in the presence of excess unmodified 
CaM. There were also minor bands at 60000 and 130000 
daltons. In all cases examined thus far, the stoichiometry for 
binding of CaM to CaM binding subunits is 1:l (Andreasen 
et al., 1981). In addition, the apparent molecular weight of 

”1, 40.000 A B  

ncuw 8: Photoaffinity labeling of B. pertussis adenylate cyclase 
with a~ide[‘~’l]CaM. Adenylate cyclase in culture supernatant was 
labeled with azide[”’I]CaM. run on NaDodSO, gels. and autora- 
diographed as described under Materials and Methods. (A) IO pg 
of enzyme preparation. 0.33 pM a~ide[‘~I]CaM. and I .2 mM EGTA 
in 50 mM Tris-HCI. pH 7.5; (B) same as (A) except that 7.8 pM 
underivatized CaM was present. 

CaM on NaDodSO, gels was 20000 on the gel system used 
in this study. Therefore, the major CaM binding polypeptide 
showing significant affinity for CaM in the absence of Ca’* 
has a molecular weight of approximately 77000. When 
photoaffinity labeling was carried out in the presence of Ca2*, 
there were other cross-linked products produced in addition 
to the three seen in the absence of Ca”. The molecular 
weights of these cross-linked polypeptides were 85K, 103K. 
and 115K. 
Discussion 

The existence of an extracellular adenylate cyclase that is 
stimulated as much as 200-fold by CaM is quite interesting, 
particularly since B. pertussis does not contain calmodulin 
(Wolff et al., 1980). The physiological function of this enzyme 
is not known. However, it is quite possible that B. pertussis 
adenylate cyclase has evolved in response to host calmodulin 
and plays an important role for the hust-parasite relationship. 
Alternatively, B. pertussis may contain a CaM-like regulator. 
However, there is currently no evidence for such an activity 
in E. pertussis, and the sensitivity of the enzyme to exogenous 
CaM in crude extracts strongly argues against the existence 
of such a factor. 

This study was initiated because the bacterial adenylate 
cyclase apparently does not contain the guanyl nucleotide 
regulatory component (G/F) nor is it regulated by guanyl 
nucleotides, hormones, or fluoride ion. Previous studies with 
brain adenylate cyclase suggested that G /F  may be required 
for CaM regulation of that enzyme (Toscano et al.. 1979). It 
is now clear that G /F  is not an obligatory requirement for 
CaM stimulation of adenylate cyclase activities. It was felt 
that a comparison between CaM regulation of the bacteria 
enzymes and that of brain enzymes may provide insight for 
the mechanism for CaM stimulation. 

In the presence of Ca2+, the activation constant for CaM 
stimulation of the culture media adenylate cyclase was 95 pM. 
In contrast, Wolff et al. (1980) reported that half-maximal 
stimulation of the enzyme in intact microorganisms occurred 
at  45 nM, a difference of approximately 500-fold. This sig- 
nificant quantitative difference between the two studies is must 
likely due to the differences in the enzyme preparations used. 
Regardless, the apparent affinity of E .  pertussis adenylate 
cyclase for CaM is quite high even in the absence of Ca’+, 
suggesting that the interaction may be specific and functionally 
significant. If indeed the interaction between extracellular 
adenylate cyclase and CaM is physiologically significant, it 
seems unlikely that fluctuations in free Ca2+ would play a 
significant role for this process. 

In contrast to the CaM-sensitive cyclic nucleotide phus- 
phodiesterase, B. pertussis adenylate cyclase is stimulated by 
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CaM even in the absence of significant levels of free Ca2+. 
These experiments were carried out by desalting the enzyme 
into an EGTA-containing buuffer and carrying out assays in 
the presence of 5 mM EGTA with Ca2+-free CaM. From the 
known dissociation constant of EGTA-Ca2+ (Sillen & Martell, 
1964) it is estimated that in the presence of 5 mM EGTA, 
10 mM Mg2+, and 90 pM total Ca2+ that the concentration 
of free Ca2+ is 1 nM or less a t  pH 7.5. Since the free Ca2+ 
concentration was 3 orders of magnitude lower than the dis- 
sociation constant for CaM or CaM complexed to CaM 
binding proteins (Keller et al., 1981), the observed stimulations 
could not be due to CaMCa2+,. It was also determined that 
B. pertussis adenylate cyclase is absorbed to CaM-Sepharose 
in the presence of 5 mM EGTA (data not shown). Although 
the enzyme could be eluted from the column with free CaM, 
recovery of activity was low because of the slow exchange rate 
between free CaM and immobilized CaM. Under identical 
conditions, the phosphodiesterase was not stimulated by CaM, 
even at CaM concentrations as high as 50 pM (unpublished 
observations). To our knowledge, this is the first data indi- 
cating Ca2+-independent stimulation of any enzyme by CaM. 
The apparent affinity of the enzyme for CaM was, however, 
increased approximately 200-fold by Ca2+. It was originally 
predicted by Keller et al. (1980) that CaM should interact with 
CaM binding proteins in the absence of Ca2+. Other char- 
acteristics of CaM stimulation of B. pertussis adenylate cyclase 
are similar to other CaM-regulated systems. For example, 
Mn2+ substituted for Ca2+ in supporting CaM stimulation. 
TNI  inhibited CaM stimulation, suggesting that the CaM 
binding domain that interfaces with TNI is the same as that 
which interacts with the bacterial adenylate cyclase. 

Hewlett & Wolff (1976) reported that the molecular weight 
of a purified adenylate cyclase from B. pertussis is 70 000. It 
was subsequently reported that the purified enzyme is not 
stimulated by CaM plus Ca2+. This CaM insensitivity was 
attributed to a loss of another factor needed by the system 
(Wolff et al., 1980). An alternative interpretation is suggested 
by data reported in this study. It is quite possible that CaM 
stimulation is lost when the catalytic subunit is partially 
proteolyzed. Cross-linking studies with the CaM-sensitive 
enzyme revealed several CaM binding polypeptides. The 
major polypeptide exhibiting affinity for CaM in the absence 
of Ca2+ has a molecular weight of 77 000, slightly larger than 
that reported for the purified, CaM-insensitive enzyme. We 
suspect that this polypeptide is the catalytic subunit of the 
enzyme and that proteolysis leads to a smaller 70 000-dalton 
subunit that no longer interacts with CaM. Quite clearly, our 
data do not allow for the unambiguous identification of the 
adenylate cyclase CaM binding subunit, and this question can 
only be resolved by studies using more highly purified enzyme. 


