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ABSTRACT: Cholera toxin, an  activator of adenylate cyclase 
in a wide variety of cells, is a substrate for the phosphotrans- 
ferase reaction catalyzed by purified cyclic adenosine 5’- 
monophosphate dependent bovine cardiac muscle protein ki- 

c h o l e r a  toxin stimulates cyclic AMP1 synthesis in a variety 
of cells. Unlike polypeptide hormones, it activates adenylate 
cyclase only after an appreciable time lag, and its effect is ir- 
reversible (for review, see Finkelstein, 1973; Cuatrecasas, 1973; 
Holmgren et al., 1973a,b; King and Van Heyningen, 1973; 
Pierce, 1973; Van Heyningen, 1974). Studies of the chemical 
structure of cholera toxin (Van Heyningen, 1974; Lo Spalluto 
and Finkelstein, 1972; Lai et al., 1975) and its plasma mem- 
brane receptor, ganglioside G M I  (Cuatrecasas, 1973; Van 
Heyningen et al., 1971), and investigations of toxin action in 
subcellular fractions (Gill, 1975; Gill and King, 1975; Bitensky 
et al., 1975) have provided a model for the mechanism of action 
of cholera toxin, The holotoxin, molecular weight, 84 000, is 
composed of an A subunit (mol wt 28 000) and five or six B 
subunits (mol wt 9500 each) (Lai et al., 1975). B subunits 
anchor the toxin to the cell membrane by binding to ganglioside 
GMI. This enables the A subunit to interact with either ade- 
nylate cyclase or some other molecule which in turn activates 
the cyclase (Gill and King, 1975; Bennett et ai., 1975). The A 
subunit has two polypeptide chains-Ai, molecular weight 
20 000, and A2, mol wt 7500-linked together by a single di- 
sulfide bond (Lai et al., 1975). The ability to activate adenylate 
cyclase in membrane preparations resides exclusively in the 
A ,  peptide (Gill, 1975; Gill and King, 1975; Bitensky et al., 
1975). In intact cells, the whole toxin molecule is required for 
activation and little (Van Heyningen and King, 1975) or no 
(Gill, 1975) activation occurs upon addition of A1 alone. In 
cell-free preparations, on the other hand, A I  activates ade- 
nylate cyclase without the lag characteristic of the intact cell 
system (Gill and King, 1975). Activation by A I  of adenylate 
cyclase in membrane preparations requires N A D  and possibly 
other, as yet unidentfied, cytoplasmic factors (Gill, 1975). 

The observations that optimal activation of adenylate cy- 
clase in intact cells takes 30-90 min, that the hydrophobic A 
subunit must be released or at  least exposed in order for this 
activation to occur (Bitensky et al., 1975), and that non- 
dialyzable cytoplasmic factors are important in the activation 
process all suggest that modification of cholera toxin or some 
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nase and the protein kinase associated with human erythrocyte 
membranes. Phosphorylation occurs when the toxin is disso- 
ciated with 5-20 m M  dithiothreitol and is restricted to the Ai 
or “adenylate cyclase activating” subunit of the toxin. 

component of it may contribute to its biological activity. Evi- 
dence is now presented that cholera toxin can be modified by 
phosphorylation catalyzed by CAMP-dependent protein ki- 
nases from bovine heart and human erythrocyte membranes. 
Phosphorylation occurs on the A,,  adenylate cyclase activating 
subunit of the toxin under conditions in which the quaternary 
structure of the holotoxin is altered by dithiothreitol. 

Materials and Methods 
The CAMP-dependent protein kinase from bovine cardiac 

muscle was purified and assayed as previously reported (Rubin 
et al., 1974). Unless otherwise indicated, only purified prep- 
arations (specific activity: 700 nmol min-’ mg-’ (Rubin et al., 
1974)) were used to phosphorylate the toxin. Human eryth- 
rocyte membranes were prepared according to Dodge et al. 
(1963). Polyacrylamide disc gel electrophoresis in 10% 
acrylamide (referred to in the text as standard polyacrylamide 
gel electrophoresis) was performed using the procedure of 
Davis (1 964); electrophoresis in 1% sodium dodecyl sulfate and 
1% mercaptoethanol was carried out as described by Fairbanks 
et al. (1971). Following electrophoresis, gels were stained with 
Coomassie blue, destained in 5% methanol containing 7% 
glacial acetic acid (Rubin et al., 1972), scanned at  an ab- 
sorbance of 500 nm in a Gilford recorder attached to a Zeiss 
spectrophotometer, and then sliced into 1 -mm slices. Radio- 
activity in the gel was assayed by placing one or two slices in 
a vial containing 5 ml of Hydromix (New England Nuclear) 
and counting in a Packard liquid scintillation spectrometer. 
Protein was determined by the method of Lowry et al. 
(1951). 

Purified cholera toxin obtained from Schwarz/Mann 
yielded one protein band on standard 10% polyacrylamide gel 
electrophoresis. Subunits A and B, prepared by gel filtration 
on Sephadex (3-75 in 5% formic acid, were kindly provided by 
Dr. C. Y. Lai. 

Results 
Cardiac muscle protein kinase catalyzes a time-dependent 

transfer of 32P from [ Y - ~ ~ P ] A T P  to cholera toxin. The reaction 
is dependent upon the presence of dithiothreitol (Table 1) and 
proceeds less rapidly with heated than with native toxin (Table 
I ,  Figure 1). N A D  is unable to substitute for the dithiothreitol 
requirement, whereas other sulhydryl-containing compounds 
(e.g., monothioglycerol) are effective. The toxin itself has no 
phosphotransferase activity. 

In various experiments, 0.5-0.8 mol of 32P was incorporated 
per mole of cholera toxin. Addition of a second aliquot of 
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TABLE I :  Phosphorylation of Cholera Toxin by Protein Kinase.O 

Acid Precipitable 
32P (cpm) 

Additions 2 0 m i n  40min  

Kinase, CAMP, dithiothreitol 532 397 
Kinase, CAMP, dithiothreitol, toxin 2337 3572 
Heated kinase, CAMP, dithiothreitol, toxin 0 89 
Kinase, CAMP, dithiothreitol, heated toxin 694 1596 
Kinase, CAMP, NAD,  toxin 650 891 

(I Cholera toxin (50 fig) was incubated in 25 pl of 80 m M  potas- 
sium phosphate buffer, p H  7.1, a t  37 "C containing 8 m M  
MgS04,  0.02 m M  [y-32P]ATP, 11.9 cpm/pmol, and, where indi- 
cated, 40 m M  dithiothreitol, 1 fiM CAMP, 1.0 m M  N A D ,  and 2 
fig of protein kinase. At  the indicates times, 1.0 mg of bovine 
serum albumin was added and reactions were terminated immedi- 
ately thereafter by adding 1.0 ml of cold 10% trichloroacetic acid. 
Precipitates were collected on Whatman glass fiber (GF/c)  filters, 
washed with 20 ml of 5% trichloroacetic acid, and dried, and their 
radioactivity was determined in a low background Nuclear Chica- 
go gas flow counter. Control incubations containing the reaction 
mixture without kinase or cholera toxin were carried out in parallel 
and the radioactivity retained by these filters was subtracted from 
that  found in the experimental assays. Where indicated, toxin and 
protein kinase were heated for 5 min in a boiling water bath. 

protein kinase to partially phosphorylated toxin failed to in- 
crease the amount of 32P incorporated (0.56 pmol of 32P/pmol 
of toxin) (Figure 1). Protein-bound 32P is stable in acid and 
solubilized by heating a t  100 O C  for 15 min in 1.0 N NaOH.  
Since phosphorylation is catalyzed by a purified CAMP-de- 
pendent protein kinase that only transfers phosphate to serine 
and threonine residues of specific protein substrates (Rubin 
et al., 1974), it is likely that one or both of these residues is the 
phosphate acceptor in the toxin molecule. Each subunit of 
cholera toxin contains both serine and threonine residues. A I ,  
A2, and B subunits contain 13, I ,  and 4 mol of serine and 6,4, 
and 7 mol of threonine per mole of peptide, respectively (Lai 
et al., 1975). 

During the course of incubation of cholera toxin with either 
dithiothreitol alone or dithiothreitol, protein kinase, [y- 
32P]ATP, and Mg2+ in the absence of CAMP, the amount of 
native cholera toxin diminishes and two new protein bands can 
be detected by standard polyacrylamide gel electrophoresis. 
The slowest moving band was shown to be composed of B 
subunits by subjecting it to electrophoresis directly into a so- 
dium dodecyl sulfate-mercaptoethanol polyacrylamide gel and 
comparing its mobility with that of purified B in both elec- 
trophoretic systems. In analogous experiments, the fastest 
moving band was found to be A, .  Upon treatment with 
CAMP-activated protein kinase, an additional protein was 
observed that appeared only under conditions in which cholera 
toxin was phosphorylated. The radioactivity in this gel was 
located in three positions (Figure 2): in protein kinase which 
catalyzes its own phosphorylation in the presence or absence 
of dithiothreitol (Erlichman et al., 1974; Rosen and Erlichman, 
1975), in the fast moving band which appears upon phospho- 
rylation of cholera toxin and has been designated AI-phosphate 
(see below), and a t  the top of the gel. 

Electrophoresis in sodium dodecyl sulfate-mercaptoethanol 
(Figure 3) or sodium dodecyl sulfate-8 M urea showed that 
radioactivity other than that associated with the CAMP- 
binding protein component of the protein kinase was located 
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FIGURE 1: Time course for phosphorylation of heated and native cholera 
toxin. Incubations were at  37 OC in a final volume of 20 f i l  and contained 
25 fig of cholera toxin, 2 fig of protein kinase, 10 mM MgSOd, 0.2 mM 
[y-32P]ATP (12 cpm/pmol), 1 FM CAMP, and 50 mM dithiothreitol in  
I00 mM potassium phosphate buffer, pH 7.1. Controls containing the 
complete reaction mixture minus cholera toxin were incubated in parallel 
and their trichloroacetic acid precipitable radioactivity was subtracted 
from the corresponding experimental values. Cholera toxin was placed 
in a boiling water bath for 5 min and then cooled at  37 O C .  At 80 min 
(arrow) an additional 2 fig of protein kinase was added to the tube con- 
taining native cholera toxin and the reaction allowed to proceed for 20 min. 
Reactions were terminated and radioactivity was determined as indicated 
in the legend to Table I. Native cholera toxin (-O-): heated cholera 
toxin (- -0- -). 
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FIGURE 2: Analysis of the 32P-incorporated into cholera toxin by poly- 
acrylamide gel electrophoresis. Cholera toxin (25 f i g )  was incubated for 
40 min at 37 OC in 60 fi1 of 50 mM potassium phosphate buffer containing, 
where indicated, 16 mM dithiothreitol, 2 pg of protein kinase, 40 pM 
[y-32P]ATP (I6 cpm/pmol), 5 mM MgSOI, and 1 pM CAMP. Following 
incubation, the reaction mixtures were applied directly to 10% polyac- 
rylamide gels and subjected to electrophoresis as described in  Methods. 
The patterns depicted are of incubations that were complete (0) or lacking 
in either cholera toxin (O) ,  protein kinase (A), or CAMP (0). The recovery 
of radioactivity on the gels was approximately 50%. The large rapidly 
moving peak of radioactivity has been designated AI-phosphate. No 
phosphorylation of cholera toxin was found when incubations were carried 
out in the absence of dithiothreitol. The small peaks of radioactivity cor- 
respond to the positions of protein kinase and its CAMP-binding protein. 
I n  the absence of CAMP, 32P is seen in the position of the holoprotein ki- 
nase; in  the presence of CAMP, phosphorylation is associated with the 
CAMP-binding protein component of protein kinase. Self-phosphorylation 
of protein kinase was not significantly influenced by dithiothreitol. 

in a single band corresponding to peptide AI. Thus, the ra- 
dioactivity found in the fast moving protein band and at  the 
top of the gel under conditions of standard 1 WO polyacrylamide 
gel electrophoresis was associated with a protein whose mo- 
bility in sodium dodecyl sulfate-polyacrylamide gel e!ectro- 
phoresis corresponded to the purified A1 subunit (Lai et al., 
1975). 

Phosphorylation of the A, subunit (Figure 2) appears t o  
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FIGURE 3: Analysis of the 32P incorporated into cholera toxin by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. Cholera toxin (50 pg) 
was incubated for 40 min at 35 O C  in 50 @I of 50 mM potassium phosphate 
buffer containing 5 mM MgS04, 80 pM [ Y - ~ ~ ] A T P  (10 cpm/pmol), 4 
pg of protein kinase, and either 1 pM cAMP plus 40 mM dithiothreitol 
(A), 40 mM dithiothreitol ( O ) ,  or 1 p M  cAMP (0). Following electro- 
phoresis, staining, and scanning, the gels were sliced and their radioactivity 
was assayed, as described under Methods. In the scan, the two small peaks 
are, from left to right, the CAMP-binding protein and the catalytic subunit 
of the protein kinase. The two large peaks are the AI and B subunits of 
cholera toxin. Radioactivity was found only in the CAMP-binding protein 
of protein kinase and in the A I  subunit of cholera toxin. 

depend upon dissociation of the toxin into A and B subunits 
by high concentrations of sulhydryl-containing compounds. 
The presence of dithiothreitol does not affect the protein kinase 
activity per se and radioactivity was not found in the protein 
band corresponding to the position of holotoxin (see Figure 2). 
Phosphorylation occurs more rapidly when toxin is pretreated 
with dithiothreitol than when the phosphotransferase reaction 
and the action of dithiothreitol are allowed to proceed con- 
comitantly. When cholera toxin, treated with dithiothreitol for 
40 min and then phosphorylated for various periods of time, 
was followed by electrophoresis in standard polyacrylamide 
gels, native cholera toxin disappeared and radioactivity ac- 
cumulated a t  the top of the gel. Since this radioactivity mi- 
grates as A I  on electrophoresis in sodium dodecyl sulfate, it 
is probable that the phosphorylated A I  -like purified A or 
AI-forms aggregates that are unable to penetrate the 10% 
acrylamide gel. However, the possibility that some of it may 
be associated with aggregated phosphorylated holotoxin cannot 
be excluded. When phosphorylation of cholera toxin was al- 
lowed to proceed in the presence of dithiothreitol and samples 
were removed at  various times and subjected to polyacrylamide 
gel electrophoresis in sodium dodecyl sulfate-mercaptoethanol 
or sodium dodecyl sulfate-8 M urea, the radioactivity associ- 
ated with Ai increased with time (Figure 4). This contrasted 
with the 32P labeling of the cAMP binding protein component 
of protein kinase which occurs extremely rapidly (Erlichman 
et al., 1974). 

Phosphorylation of the subunit A2 was not observed when 
holotoxin was treated with dithiothreitol in the presence of 
protein kinase. Since sulfhydryl-containing compounds at 
concentrations known to dissociate A into A1 and A2 are re- 
quired for the phosphorylation of A1 from the native toxin, it 
was not possible to deduce whether unreduced A could serve 
as a substrate for phosphorylation. To answer this, purified A 
was tested as a substrate for phosphorylation in the presence 
and absence of dithiothreitol. Phosphorylation of A was only 
slightly stimulated by dithiothreitol, whereas phosphorylation 
of the native cholera toxin was dependent upon its addition. 
When the subunits treated in this manner were then subjected 
to standard polyacrylamide gel electrophoresis, all of the 32P 
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FIGURE 4: Analysis of the time course of phosphorylation of cholera toxin 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Cholera 
toxin ( 5  pg) was incubated with 10 mM dithiothreitol, 4 pg of protein ki- 
nase, 2 mM MgS04, I pM cAMP and 0.2 mM [ Y - ~ ~ P ] A T P  ( I  50 cpm/ 
pmol) in 40 pl of 50 mM potassium phosphate buffer, pH 7.1, for 0 (a), 
I O  (m), 30 (0) ,  60 (0). and 80 (A) min at  37 'C. Incubations were then 
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and analyzed as described under Methods. Standards of purified A and 
B subunits were also applied to gels and subjected to electrophoresis in 
parallel with the experimental samples. The first peak of radioactivity 
(from left to right) is in the CAMP-binding protein of protein kinase. The 
second peak corresponds to the position of AI.  The inset depicts an estimate 
of the total radioactivity associated with the AI peak at each time point. 
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transferred to A in the presence of dithiothreitol moved in 
positions consistent with A I ,  that is, the radioactivity was 
present a t  the top of the gel and in the fast moving At-phos- 
phate band. Some radioactivity was also found close to the gel 
front. This may have been A2-phosphate, although A2- 
phosphate was not seen when the holotoxin was used as sub- 
strate. The 32P transferred to the A subunit in the absence of 
dithiothreitol remained a t  the top of the gel, consistent with 
the position of standard purified A .  

Membrane-bound protein kinases also phosphorylate the 
A I  subunit of cholera toxin in a dithiothreitol-dependent re- 
action. When human erythrocyte membranes which contain 
protein kinase activity (Rubin et al., 1972) were incubated with 
cholera toxin, dithiothreitol, [ T - ~ ~ P I A T P ,  Mg2+, and CAMP, 
32P was incorporated into endogenous membrane proteins 
(Rubin and Rosen, 1973) as well as into a protein that corre- 
sponded to the position of the AI peptide and was found only 
in membranes treated with toxin. 

Discussion 
Soluble CAMP-dependent protein kinase and a mem- 

brane-associated kinase are able to catalyze the phosphoryl- 
ation of the active A1 peptide of cholera toxin. The stoichi- 
ometry of phosphate incorporation catalyzed by bovine heart 
protein kinase approaches 1 mol of P32/mol of holotoxin 
treated with high concentrations of dithiothreitol or other 
sulfhydryl-containing compounds. Low concentrations (2 mM) 
of dithiothreitol are far less effective than higher concentra- 
tions (20-40 mM) in preparing the toxin for substrate activity. 
One can conclude from studies of the behavior of cholera toxin 
and its subunits on standard and sodium dodecyl sulfate- 
mercaptoethanol polyacrylamide gel electrophoresis that di- 
thiothreitol partially dissociates the toxin into its subunits, B, 
A I ,  and, presumably, A2. The A2 peptide, however, was not 
reliably detected in the electrophoretic systems employed. B 
and A1 form aggregates which, in the case of A I ,  do  not enter 
the 10% polyacrylamide gel and in the case of B migrate very 
slowly. A small amount of A I  does penetrate the gel. Upon the 
addition of an active phosphotransferase system, AI-phosphate 
is formed. Some A1-phosphate moves rapidly into the gel but 
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most of it probably aggregates and does not penetrate. It is also 
possible that the AI-phosphate which moves ahead of A1 in 
the 10% polyacrylamide gel is multiply phosphorylated. 

We do not know whether phosphorylation plays a role in any 
aspect of the interaction of cholera toxin with cells. Bourne et 
al. (1975) have reported that cholera toxin is able to induce the 
synthesis of CAMP in mouse lymphoma S49 cells defective in 
CAMP-dependent protein kinase. These mutants, however, 
contain substantial CAMP-independent protein kinase activity. 
Quite apart from its possible biological function, phosphoryl- 
ation of cholera toxin may be useful as a probe for studying the 
subunit interactions of the toxin molecule, for tracking the 
molecule during the course of its activity in the cell, and for 
analyzing the sequence around the phosphorylated amino acid 
for comparison with sequences derived from other kinase 
substrates. 
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