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The extracellular concentration of cyclic adenosine 3',5'-monophosphate
(AMP) of three different strains of Vibrio cholerae growing in syncase medium
were measured. Cyclic AMP secreted by V. cholerae 569B varied widely with
different carbon sources. Mutant 13, which produced little or no toxin, released
half the amount of cyclic AMP as the wild type. The release of less cyclic
AMP into the medium by mutant 13 may be accounted for by the lower activity
of adenylate cyclase observed. High glucose (3%) in the culture medium reduced
the concentration of cyclic AMP both in wild type and mutant 13. Reduction of
cyclic AMP levels at high concentrations of glucose (3%) occurred without
change of adenylate cyclase activity. The release of enterotoxin to the medium
varied with carbon sources but was independent of conditions which reduced the
cyclic AMP both within the cell and the medium. Neither adenylate cyclase ac-
tivity nor toxin production was reduced by an increased concentration of glucose
in wild-type V. cholerae, whereas cyclic AMP levels were reduced by sixfold. A
lower activity of the adenylate cyclase was observed in a mutant of V. cholerae
which produced no detectable toxin. Thus, a correlation exists between toxin
production and adenylate cvclase activity in V. cholerae.

Although cyclic adenosine 3',5'-monophos-
phate (AMP) has been reported in several
bacterial species (18), we are not aware of a
description of such a system in Vibrio cholerae.
V. cholerae, a motile gram-negative bacterium.
may be of particular interest with respect to its
cyclic nucleotides since the acute diarrhea of
clinical cholera is mediated bv an enterotoxin
produced by this organism which exerts its
effect both on intestinal and nonintestinal
tissues by stimulating adenylate cyclase activ-
ity (16). In this paper, we describe a cvclic AMP
system in Vibrio cholerae and some of its
relations to the elaboration of enterotoxin.

MATERIALS AND METHODS

Cyclic AMP, adenosine 5'-triphosphate (ATP).
5'-AMP, 5'-nucleotidase Grade II, phosphoenolpyru-
vate, pyruvate kinase, 2-mercaptoethanol, and bovine
serum albumin were obtained from Sigma Biochemi-
cal Co. Radioisotopes ([a-32PJATP cyclic 3'.5'-
[3H]AMP, and 5'-['4C]AMP) were purchased from
New England Nuclear Corp. Protein kinase and
protein kinase inhibitor were prepared in our labora-
tory by the method of Gilman (4). The cation ex-
change resin AG-50-X2, 200 to 400 mesh, hvdrogen
form, was supplied by Bio-Rad Laboratories. 2-Ethox-
yethanol and 2-(2-methoxyethoxy)-ethanol were ob-
tained from J. T. Baker Chemical Co. Collagenase
was obtained from Worthington Biochemical Corp.
Glycerokinase and a-glycerol phosphate dehydro-

genase were purchased from Calbiochem. Glucostat
reagent was purchased from Worthington Co.
The bacterial strains used were V. cholerae Inaba

569B and Ogawa 395, both of which produce toxin,
and a mutant of Inaba 569B, IM-13. which produces
little or no toxin (kindly provided by R. A. Finkel-
stem, Universitv of Texas Southwestern Medical
School. Dallas. Tex.). (In a personal communication,
R. A. Finkelstein informed us that culture filtrates of
M-13 have the characteristic elongating effect on
Chinese hamster ovarv cells as does purified cholera
enterotoxin and crude culture filtrates of wild-type
Inaba 569B. hut only at 10,000 times the concentra-
tion of' the latter. Thus M-13 mav be capable of elab-
orating as small amount of toxin or a similar sub-
stance.)
The cells were grown in a 1-liter low-form flask with

200 ml of svncase medium (4) with different sources of
carbon indicated in individual experiments. The cul-
ture was shaken (200 shakes per min) at 37 C. Resting
organisms were obtained by inoculation of one loopful
of organisms from a stock culture on nutrient agar and
incubated for 18 h in svncase medium containing
0.25.z sucrose as described above. The cells were
harvested by centrifugation (12.000 X g, 10 min) at
4 C in a Sorvall model RC-2 centrifuge, washed once
with the same sterile medium. resuspended to a
density of 0.10 to 0.12 optical density at 650 nm and
incubated at 37 C for 5 h with shaking in a New
Brunswick reciprocating water bath shaker. The den-
sitv of cells was measured in a Hitachi Perkin-Elmer
139 UV-VIS spectrophotometer at 650 nm.

Since cvclic AMP is quite stable in boiling aqueous
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solutions and in dilute acid, we used the same
extraction method as described by Makman and
Sutherland (12). A minimum of 0.3 g (wet weight) of
organism was measured after harvesting the cells by
centrifugation at 12,000 x g for 10 min at 4 C.
Without washing, the packed cells were immediately
suspended in 10 volumes of cold 0.05 N HCl. The
suspension was heated in a boiling water bath for 3
min, cooled, and centrifuged for 10 min. The superna-
tant fraction was then adjusted to pH 4 with 0.1 N
NaOH. Portions of this fraction were diluted
promptly in 50 mM acetate buffer (pH 4) and assayed
for cyclic AMP in duplicate. Intracellular levels of
cyclic AMP may undergo some changes even during a

brief centrifugation. Accordingly, when cyclic AMP in
the medium was to be measured, they were collected
in a similar manner. Duplicate samples (2 ml) were

removed every hour. One sample was centrifuged at
12,000 x g for 10 min to remove the cells. The
supernatant fluid was placed in a boiling water bath
for 3 min, and then cooled, and the pH was adjusted
to 4 with 1 N HCl. The other sample (total) was

placed in a boiling water bath prior to centrifugation
and then processed as described. Samples were as-

sayed for cyclic AMP concentration. The contribution
to the total cyclic AMP by the cells was not large
enough to be detected.
The alternative method which has been described

of harvesting cells by membrane (Millipore Corp.)
filtration (1), although somewhat reducing the time
needed for collection, interposes the abnormal varia-
ble of exposing cells to surface effects which in the
case of V. cholerae may be more damaging than
centrifugation, since this organism does not survive
when removed from an aqueous environment and may
be damaged by exposures too short to cause cell death
(3).

Cyclic AMP was measured by the procedure de-
scribed by Gilman (6). The standard reaction mixture
contained 50 mM sodium acetate-acetic acid (pH
4.0), cyclic [3H ]AMP (4.0 pmol per 0.02 uCi per tube),
protein kinase (2 jig/tube), and protein kinase inhibi-
tor (45 ug/tube), and the sample to be assayed in a

final volume of 0.2 ml. After a 70-min incubation at
0 C, the mixtures were diluted to 1 ml with cold 20
mM phosphate buffer (pH 6.0); 4 to 5 minutes later
the content of the assay tube was transferred quanti-
tatively to a membrane filter (Millipore Corp.) by
rinsing the tube with 10 ml of phosphate buffer. The
Millipore disk was then placed in a counting vial
containing 2 ml of cellosolve and methyl cellosolve in
equal proportions and 15 ml of scintillation mixture
[125 g of naphthalene, 7.5 g of 2,5-diphenyloxazole,
0.38 g of 1,4-bis-(5-phenyloxazolyl)-benzene and 1
liter of Dioxane], and radioactivity was measured in a

Packard liquid scintillation counter. Control assays

were carried out without protein kinase.
Extracts were prepared from bacteria which had

been washed twice and suspended in 50 mM tris(hy-
droxymethyl)aminomethane-hydrochloride buffer
(pH 8.5). The cell suspension was sonically treated for
30 min with a Biosonic-Ultrasonic probe (Bronwell
Scientific, Rochester, N.Y.) with cooling. Adenylate
cyclase was determined directly on the sonicated ma-

terial. We followed the same extraction method as

described by Peterkofsky et al. (14).

The enzyme activity was determined by measuring
the formation of radioactive cyclic AMP from radioac-
tive ATP. The reaction mixtures contained 25 mM
tris(hydroxymethyl)aminomethane-hydrochloride (pH
8.5), 10 mM MgCl2, 1.5 mM [a-32P]ATP (2 ,qCi/tube),
5 mM theophylline, 5 mM phosphoenolpyruvate,
and 50 Ag/ml of pyruvate kinase and enzyme, in a
final volume of 50 Mliters. The reaction was carried
out at 37 C. After 10 min of incubation, 0.5 ml of
recovery mixture (containing 50 vg of cyclic AMP,
100 gg of ATP, and 0.01 gCi of cyclic [3H]AMP)
was added, and the samples were immediately placed
in a boiling water bath for 3 min. The reaction blank
was incubated without enzyme for 10 min at 37 C,
enzyme was added immediately after the recovery
mixture, and the tubes were placed in the boiling
water bath for 3 min. Cyclic AMP formed during
incubation was determined by the methods of
Krishna et al. (10). After cooling at room tempera-
ture, the complete mixture was then applied to a
column (0.5 by 3 cm) of Dowex 50W-X2, and the
nucleotides were eluted with water. The first 2 ml of
effluent was discarded, while the next 2 ml of effluent
containing most of the cyclic AMP was collected and
subjected to Ba(OH)2 and ZnSO4 precipitation. Two
milliliters of the supernatant fraction was placed in a
counting vial containing 15 ml of scintillation fluid
(1 liter of toluene containing 0.25 g of 1,4-bis-(5-phen-
yloxazolyl)-benzene and 8.25 g of 2,5-diphenyloxazole
and 500 ml of Triton X) and counted in Packard Tri-
Carb liquid scintillation counter. The formation of
cyclic AMP was proportional to the concentration of
crude protein up to 1.2 mg/ml added at 37 C for 10
min.

Glucose was analyzed with Glucostat reagent ob-
tained from Worthington Biochemical Corp. Samples
of the culture were taken out periodically, and the cell
debris was removed by centrifugation at 12,000 x g for
20 min at 4 C. The supernatant fluid was saved and
kept frozen until glucose was measured.

Protein was determined by the method of Lowry et
al. (11) with bovine plasma albumin used as a
standard.

Samples of cultures were removed periodically and
centrifuged at 12,000 x g for 20 min at 4 C. Super-
natant was saved for toxin assay. The activity of
toxin was determined by its stimulation of cyclic
AMP dependent lipase in rat epididymal fat cells
measured by glycerol release to the medium as
described by Greenough et al. (7).

Epididymal fat pads from male rats weighing 120 to
150 g were used. Fat cells were isolated by the method
of Rodbell (17). After treatment with collagenase,
cells were washed three times with Krebs-Ringer
phosphate buffer (pH 7.4) containing bovine albumin,
and were resuspended at a concentration of 0.25 g/ml
with same buffer. Samples of this suspension were
incubated with culture supernatant fluid for 3 h at
37 C. Release of glycerol was measured by an en-
zymatic method (13).

RESULTS

The extracellular concentration of cyclic
AMP produced by different strains of V.
cholerae was measured (Table 1). The station-
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TABLE 1. Extracellular concentration of cyclic AMP produced by different strains of V. cholerae after 5 h of
incubationa

Strain No. of expts Culture edia (Apmb| CyclicAMPe

Inaba 569B 5 Syncase with 0.25% 2.0 620
sucrose (555-705)

Ogawa 395 3 Same 1.8 680(630-710)
Inaba 569B M-13 3 Same 2.2 320 (300-350)
mutant

aOvernight cultures of three strains of V. cholerae were centrifuged and suspended in syncase medium
containing 0.25% sucrose. Samples were incubated for 5 h and processed as described in the text.

bA.,,, Absorbance at 650 nm.
c The mean value for cyclic AMP is shown, with the range indicated in parentheses.

ary cultures of both wild-type Inaba 569B and
Ogawa 395 in syncase medium with 0.25%
sucrose accumulated comparable concentra-
tions of cyclic AMP. However, the concentra-
tion of cyclic AMP formed by the mutant
M-13 Inaba 569B was approximately half of
that formed by the wild type. Syncase media
with sucrose as a carbon source was used in
these experiments since it is a standard medium
for toxin production in V. cholerae (4).

Because glucose is known to lower the intra-
cellular concentration of cyclic AMP in Esche-
richia coli (12, 14), we also studied the effect of
low and high glucose concentrations on cyclic
AMP content of the organism and its media.
The time course of growth, glucose utilization,
and cyclic AMP secretion into medium by V.
cholerae in low (0.25%) and high-glucose (3%)
medium are shown in Fig. 1. In low-glucose
medium, growth was maximal at 4 h. At that
time, glucose had disappeared from medium
and a marked rise of cyclic AMP concentration
was observed. In medium with a high glucose
content, glucose utilization and cyclic AMP
secretion pattern was quite different. There
were substantial amounts of glucose present
long after cessation of growth. However, the
cyclic AMP content of the medium was much
less (110 pmol/ml) than that observed in similar
cells grown in low-glucose medium (680 pmol/
ml). This observation was very similar to those
reported for E. coli (14).
The level of cyclic AMP in cells during the

logarithmic phase of growth in syncase medium
with 0.25% glucose was much higher than that
found in similar cells grown in 3% glucose
(Table 2). In a low-glucose medium after 2 h of
growth (logarithmic stage), 6.2 pmol of cyclic
AMP per mg of cells was found compared to
0.81 pmol of cyclic AMP per mg of cells grown in
high-glucose medium. After 5 h (stationary
phase), the lowering of cyclic AMP content
inside the cells grown in low-glucose medium
was correlated with the rise of cyclic AMP

concentration into the medium. However, when
cells were incubated with 3% glucose, the low
level of cyclic AMP inside the cells was not
associated with any increase in cyclic AMP
released into the medium. (In these studies, the
contribution of trapped medium in the sedi-
mented cells was not measured; however, this
correction is small [2 to 3%] in membrane-fil-
tered cells [1], and would have tended to
increase the differences observed. If it is as-
sumed that under conditions of high glucose
concentration all of the activity in the pellet
were due to trapped medium, the maximum
correction for this would have been 0.0033 to
0.0038 ml per mg of wet weight.)

Since a high glucose concentration sup-
pressed cyclic AMP formation, we investigated
whether enterotoxin formation was also depend-
ent (like cyclic AMP) on the carbon sources
present in the medium (Fig. 2). A high concen-
tration of sucrose (like glucose) suppressed the
secretion of cyclic AMP into the medium,
whereas in similar experiments with lactose,
galactose, and glycerol, there was no difference
in the accumulation of cyclic AMP over a
concentration range from 0.25% to 3%. The
production of toxin was greatest in the presence
of glucose compared to other carbon sources.
When the pH of the medium was maintained

between 7.6 and 8.0 (2), the production of
enterotoxin was the same at glucose concentra-
tions of both 0.25 and 3.0%. Since the amount of
cyCic AMP released to the medium and present
in the cell was markedly reduced by 3.0%
glucose, it appears that toxin release is not
directly dependent on the cyclic AMP level of
V. cholerae. It is interesting to note, however,
that the maximum concentration of toxin
formed extracellularly varied with the carbon
sources (Fig. 2). There was 67% less toxin
formed at both low and high concentrations of
galactose and glycerol when compared to the
level of toxin formed in presence of glucose.

Since the data of Table 1 showed that the
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_-e (Growth A 650)
*---e (Glucose 0 25%)
o-o (Cyclic AMP picomoles/mI medium)

HOURS OF INCUBATION

0-* (Growth A 650)
0-4 (Glucose 3%)
0c-C (Cyclic AMP picomoles/mI medium)

HOURS OF INCUBATION

FIG. 1. Effect of two different concentrations of glucose on growth, glucose
accumulation by V. cholerae 569B.

M-13 mutant secreted less cyclic AMP into the
medium than that observed in wild 569B, we

further studied this parameter with wild 569B
(Table 3). A high concentration of glucose had
the same suppressive effect on the mutant as

it did in the wild type.

utilization, and cyclic AMP

We measured the adenylate cyclase activity
of wild-type Inaba 569B and the mutant M-13
and specifically selected a 3-h culture (logarith-
mic growth phase) because cyclic AMP con-

tent inside the cell is much higher than the
stationary cells. Table 4 shows adenylate
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cyclase activity of the organism grown with
different concentrations of glucose. Extracts of
wild-type cells obtained during the logarithmic
state of growth showed similar adenylate cy-
clase activity in the presence of glucose irrespec-
tive of concentration. Extracts from mutant
cells showed lower activity than that observed
in the wild type.

DISCUSSION
The studies reported here indicate that differ-

ent strains of V. cholerae have an active cyclic
AMP system which seems very similar to that of
other gram-negative bacteria which have been
studied (8, 9, 14). There are no significant

differences in extracellular cyclic AMP levels
between the wild-type 569B and the Ogawa 395,
both of which produce toxin and were isolated
from patients with a full cholera syndrome. But
the concentration of cyclic AMP formed by the
mutant M-13 is only about half of that formed
by wild type.
The effect of glucose on cyclic AMP was also

very similar to E. coli (14). In the presence of 3%
glucose, both the release and cellular concentra-
tion of cyclic AMP were reduced. Synthetic
capacity is indicated by measurements of aden-
ylate cyclase which appears to have greatest
activity during the logarithmic phase of growth.
The failure of 3% glucose to reduce adenylate

800 r

a
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CYCLIC AMP RELEASE
600 F

400k

200h
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TOXIN RELEASE
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10-3
z
x
0

5-

(-9
0
z

Z Sucrose Glucose Lactose Galoctose Glycerol
FIG. 2. Effect of different carbon sources on cyclic AMP and toxin secretion by V. cholerae 569B. An

overnight culture was centrifuged and suspended in syncase medium to a cell density of 0.12 absorbance at
650 nm. Carbon sources were added and incubated for 5 h. Samples were removed at 0 h and 5 h. Cyclic AMP
concentration of 0-h samples were less than 20 pmol/ml and toxin concentration was zero.
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cyclase activity when such profound effects
were seen on both intra- and extracellular levels
of cyclic AMP requires explanation.
The phosphodiesterase activity of V. cholerae

in two experiments (not illustrated here) was
low and did not seem to be increased by 3%
glucose. Recent reports on E. coli (15) showed
that the measurement of adenylate cyclase
activity in intact cells can explain the cyclic
AMP levels in low and high glucose medium.
However, we have no data on intact cells and
cannot comment on this.
The total amount of cyclic AMP in the

stationary phase was much higher in the me-
dium than in the bacteria. The value for cyclic
AMP concentration was 54 pmol/20 mg (wet
weight) of the cells, the usual yield of 1 ml of
culture. On the other hand, the total culture

TABLE 2. CyclicAMPcontent of V. cholerae 569B in
cells and medium under different growth conditionsa

pmol of pmol of
No. of Glucose cyclic li
expts M Growth stage AMP/mg cyc/liexpts(%) ~~~~(wet weight) AMP/meda

organismb

3 0.25 Logarithmic 6.2 125
(5.8-6.5) (110-135)

Stationary 2.7 816
(2.6-2.8) (775-875)

2 3 Logarithmic 0.81 65
(0.79, 0.83) (55, 75)

Stationary 0.42 110
(0.41, 0.43) (100, 120)

aAn overnight culture of V. cholerae 569B was centrifuged
and suspended in syncase medium containing different con-
centrations of glucose with initial absorbance of 0.15 to 0.17
and was incubated for 5 h. Samples were removed at
logarithmic (2 h) and stationary phase (5 h) and processed as
described in the text.

'The mean value for cyclic AMP is shown, with the range
indicated in parentheses.

showed 816 pmolml of media. This indicates
that V. cholerae secretes cyclic AMP into the
media at all stages of growth, which is in
agreement with our study in different phases of
growth (Fig. 1).
The release of enterotoxin to the medium

varied widely with carbon sources but is inde-
pendent of conditions which reduce cyclic AMP
both within the cell and the medium. Wild-type
cells (569B) incubated with glucose irrespective
of its concentration have similar levels of aden-
ylate cyclase activity and toxin production.
Mutant M-13, which produces little or no toxin,
also has approximately one-third of activity of
adenylate cyclase found in the wild type. This
observation suggests that a lower level of extra-
cellular cyclic AMP in the mutant may be due
to a lower activity of adenylate cyclase. Since

TABLE 3. Comparison of cyclic AMP formation by
two strains of V. choleraea

No. of Glucose | Cyclic AMPC
expts Strain () As.o05 (pmol/ml of

I Imedia)

6 Inaba 569B 0.25 2.0 762
(650-875)

3 2.5 110
(100-120)

3 Inaba 569B M-13 0.25 2.2 363
mutant (360-370)

3 2.0 63
_(60-66)

a An overnight culture of V. cholerae wild-type and
mutant 569B was centrifuged and suspended in syn-
case medium containing different concentration of
glucose and then incubated for 5 h. Samples were
removed at 5 h and processed as described in the text.

'A,,,, Absorbance at 650 nm.
c The mean value for cyclic AMP is shown with the

range indicated in parentheses.

TABLE 4. Adenylate cyclase activity in homogenates of V. cholerae grown in glucosea

Adenylate
No. of expts Strain medium (%) Growth stage cyclase

protein per 10 min)

5 Inaba 569B 0.25 Logarithmic 240
3 Logarithmic 280
0.25 Post-logarithmic (18 h) 93

3 Inaba 569B M-13 0.25 Logarithmic 97
mutant 3 Logarithmic 71

Cultures of V. cholerae wild and mutant 569B were grown in syncase medium containing different
concentrations of glucose to a cell density of 0.10. Cells were removed after 3 h, centrifuged, and suspended in 50
mM tris(hydroxymethyl)aminomethane-hydrochloride (pH 8.5) buffer and cells were lysed as described in the
text. Results are means of indicated experiments.
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toxin is rapidly produced in the presence of 3%
glucose, it would appear that the level of cyclic
AMP inside or outside the cells is not involved
in the regulation of toxin secretion. However,
there is a correlation between the production of
toxin and adenylate cyclase activity. The mu-
tant strain which produced little or no toxin also
shows less activity of adenylate cyclase and a
lesser production of cyclic AMP. This mutant
does respond in the same way to repression by
glucose as did the wild type. The growth pattern
of the mutant M-13 is similar to that of wild-
type Inaba 569B.

Since the exotoxin of V. cholerae specifically
stimulates adenylate cyclase in nonbacterial
cells, and the production of this toxin is at least
circumstantially proportional to the activity of
adenylate cyclase in both the wild-type Inaba
569B and mutant M-13 Inaba 569B, it will be
important to investigate further a possible role
of this toxin in cyclic AMP metabolism in V.
cholerae, and in other bacteria which produce
related enterotoxins.

ACKNOWLEDGMENTS
This investivation was supported by Public Health Service

grants AI 08209 and AI 07625 from the United States-Japan
Cooperative Medical Science Program administered by the
National Institute of Allergy and Infectious Diseases.
We thank the staff of the Gerontology Research Center, the

National Institute of Child Health and Human Development,
for the use of facilities provided under the Guest Scientist
Program. We are grateful for the technical assistance of
Edward J. Moore.

LITERATURE CITED

1. Buettner, M. J., E. Spitz, and H. V. Rickenberg. 1973.
Cyclic adenosine 3'5'-monophosphate in Escherichia
coli. J. Bacteriol. 114:1068-1073.

2. Callahan, L. T., III, and S. H. Richardson. 1973. Bio-
chemistry of Vibrio cholerae virulence. III. Nutritional
requirements for toxin production and the effects of pH
on toxin elaboration in chemnically defined media.
Infect. Immun. 7:567-572.

3. Felsenfeld, 0. 1965. Notes on food beverages and fomites
contaminated with V. cholerae. Bull. W. H. 0.
33:725-734.

4. Finkelstein, R. A., P. Athasampunna, M. Chulasamaya,
and P. Charunmethee. 1966. Pathogenesis of experi-
mental cholera: biologic activities of purified procho-
leragen A'. J. Immunol. 96:440-449.

5. Finkelstein, R. A., M. L. Vasil, and R. K. Holmes. 1974.
Studies on toxinogenesis in Vibrio cholerae. I. Isolation
of mutants with altered toxinogenicity. J. Infect. Dis.
129:117-123.

6. Gilman, A. G. 1970. A protein binding assay for adenosine
3':5'-cyclic monophosphate. Proc. Nat. Acad. Sci.
U.S.A. 67:305-312.

7. Greenough, W. B., III, N. F. Pierce, and M. Vaughan.
Titration of cholera enterotoxin and antitoxin in iso-
lated fat cells. 1970. J. Infect. Dis. 121:S111-S113.

8. Ide, M. 1971. Adenyl cyclase of bacteria. Arch. Biochem.
Biophys. 144:262-268.

9. Khandelwal, R. L., and I. R. Hamilton. 1971. Purification
and properties of adenyl cyclase from Streptococcus
salivarius. J. Biol. Chem. 246:3297-3304.

10. Krishna, G., B. Weiss, and B. B. Brodie. 1968. A simple
sensitive method for assay of adenyl cyclase. J. Pharm.
Exp. Ther. 163:379-385.

11. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

12. Makman, R. S., and E. W. Sutherland. 1965. Adenosine
3',5'-phosphate in Escherichia coli. J. Biol. Chem.
240:1309-1314.

13. Mosinger, B., and M. Vaughan. 1967. Effects of electro-
lytes on epinephrine-stimulated lipolysis in adipose tis-
sue in vitro. Biochim. Biophys. Acta 144:556-568.

14. Peterkofsky, A., and C. Gazdar. 1971. Glucose and the
metabolism of adenosine 3':5'-cyclic monophosphate in
Escherichia coli. Proc. Nat. Acad. Sci. U.S.A.
68:2794-2798.

15. Peterkofsky, A., and C. Gazdar. 1973. Measurements of
rates of adenosine 3':5'-cyclic monophosphate synthe-
sis in intact Escherichia coli B. Proc. Nat. Acad. Sci.
U.S.A. 70:2149-2152.

16. Pierce, N. F., W. B. Greenough Ill, and C. C. J.
Carpenter, Jr. 1971. Vibrio cholerae enterotoxin and its
mode of action. Bacteriol. Rev. 35:1-13.

17. Rodbell, M. 1964. Metabolism of isolated fat cells. I.
Effects of hormones on glucose metabolism and lipol-
ysis. J. Biol. Chem. 239:375-380.

18. Robinson, A., R. W. Butcher, and E. W. Sutherland.
1971. Cyclic AMP, p. 422-440. Academic Press Inc.,
New York.

VOL. ll, 1975 349


