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Adenyl Cyclase Activity in Particles from Fat Cells”

Martha Vaughan and Ferid Murad

ABSTRACT: Adenyl cyclase activity has been studied in a par-
ticle fraction prepared from fat cells which consists in the main
of smooth membrane fragments. These preparations can be
stored for at least 2 weeks at —80° without significant loss of
cyclase activity or diminution of responsiveness to epine-
phrine. Cyclase activity was assayed as described by Chase
and Aurbach using «-??P- or *H-labeled adenosine triphos-
phate. Maximal activity (basal and hormone or NaF stimu-
lated) was observed at pH 8.0 which was used in all assays.
Values for cyclase activity assayed by this procedure agreed
closely with those obtained when cyclic 3’,5’adenosine mono-
phosphate accumulation was quantified in a bioassay. Under

It is generally believed that epinephrine and other so-called
fat-mobilizing hormones stimulate lipolysis in fat cells by en-
hancing the activity of adenyl cyclase, thus producing an in-
crease in the intracellular concentration of 3’,5/-AMP which
nucleotide in turn brings about activation of a specific lipase
that controls the rate of triglyceride breakdown. Several years
ago it was reported that epinephrine increased cyclase activity
in a particulate fraction prepared from homogenized adipose
tissue (Klainer et al., 1962). More recently, Rodbell (1967) has
demonstrated stimulation of cyclase activity by ACTH in
“ghosts” prepared from fat cells. It has been difficult, however,
to obtain cell-free preparations with which large hormone
effects can be consistently demonstrated and which can be
stored without loss of responsiveness to hormones. A proce-
dure has been devised for preparing a particulate fraction from
fat cells which can be stored at —80° for at least 2 weeks
without significant loss of cyclase activity or diminution of re-
sponsiveness to epinephrine. Some characteristics of the
adenyl cyclase activity in such preparations are reported below.

Materials and Methods

Epididymal fat pads were obtained from Osborne-Mendel
rats (120-170 g) that were permitted free access to food until
they were decapitated. Fat cells were prepared as described
by Rodbell (1966). Incubations with collagenase were carried
out in Krebs-Ringer phosphate medium containing bovine

* From the Molecular Disease Branch, National Heart Institute,
National Institutes of Health, Bethesda, Maryland 20014, Received
February 20, 1969,
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the conditions of the assay, about 109} of 0.5 mumole of *H-
labeled 3’,5’-adenosine monophosphate was degraded. Max-
imal adenyl cyclase activities were observed in the presence of
3 mm NaF. Activity was less with higher concentrations.
Adenyl cyclase activity was enhanced, usually to different
maximal levels, by epinephrine, adrenocorticotropin or glu-
cagon. The relative effectiveness of the three hormones varied
in different preparations. The effect of epinephrine was pre-
vented by the (-adrenergic blocking agents, dichloroisopro-
terenol and pronethalol, which themselves enhanced cyclase
activity. No effects of insulin or prostaglandin E; on basal or
epinephrine-stimulated cyclase activity could be demonstrated.

serum albumin, 30 mg/ml, for 1 hr. After passage through a
silk screen, the cells were washed three times with Krebs-
Ringer phosphate medium from which Ca?* and Mg?** were
omitted (albumin, 30 mg/ml). Cells were then washed once
with a solution containing 2 mm glycylglycine buffer (pH 7.5)
and 1 mM magnesium sulfate. Incubations and washes were
carried out at 37°. The cells were dispersed again in glycyl-
glycine-MgSQO, solution (approximately 10 ml/5 g of fat pad)
and stirred constantly while freezing in a bath of ethanol and
Dry Ice. When the cell suspension was solidified it was re-
moved from the freezing bath and permitted to thaw at room
temperature with stirring. As soon as it was completely
thawed, a large portion of the lard-like fat was rapidly re-
moved and the fluid was centrifuged for 10 min at ca. 12,000g
(4°). The supernatant fluid was discarded; small clumps of
fat were removed from the walls of the tubes; 0.5 ml of cold
glycylglycine-MgSQO, solution was added to each tube and the
sediment was dispersed using a Vortex mixer. The contents of
all the tubes were pooled; each tube was washed again with
0.5 ml of cold medium and the washings were added to the
pooled sediments. The latter was mixed again with a Vortex
mixer to obtain an apparently homogeneous suspension, then
diluted with cold medium (total volume ca. 10 ml/5 g of fat
pad) and replaced in centrifuge tubes. After centrifugation
for 10 min at 2000-3000g (usually ca. 2800g), the sediment
was suspended in a small volume of the same medium (ca. 1
ml/5 g of fat pad) using the Vortex mixer. The protein content
(Lowry et al., 1951) of the final suspension was usually about
2 mg/ml (range 1.5-4).

Each preparation was divided into several portions which
were immediately frozen in a Dry-Ice—ethanol bath and stored
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TABLE 1: Adenyl Cyclase Activity in Particle Fractions Separated by Centrifugation.s

3',5’-AMP Accumulated (mumoles/mg of Protein 10 min)

Sediment
Expt (g for 10 min)  Protein (Total mg) C E A G F
1 800 1.6 0 0.45 0.48 1.64
2,800 1.5 0.10 0.78 0.79 0.48 2.01
15,000 0.6 0.24 0.34 0.29 0.18 1.78
2 2,200 8.1 0.36 2.84 0.55 1.32 5.03
12,000 6.1 0.47 2.16 0.51 1.59 5.86

« The sediment obtained from centrifugation at 15,000g was suspended as described in Methods. After centrifugation at the
lowest speed indicated, the resulting supernatant fluid was centrifuged again to collect another fraction of particles, and in expt
1 this supernatant fluid was centrifuged again to yield a third fraction of particles. C = without hormone or NaF;inexpt 1, E =
epinephrine, 4.2 X 1075M; A = ACTH, 0.77 U/ml; G = glucagon, 7.7 ug/ml; F = NaF, 7.7 mM. In expt 2, E, 8.4 X 1075 M;
A,1.5U/ml; G, 15.4 ug/ml; F, 3.1 mMm. [*H]ATP was used in assays.

at —80°. Particles stored at —80° for up to 2 weeks and as-
sayed repeatedly during that time have exhibited no significant
change in basal activity or response to ephinephrine. The
stability of the responsiveness to glucagon and ACTH has not
been systematically investigated. In a few experiments it has
appeared that the magnitude of the response to ACTH was
diminished in stored preparations in which the response to
epinephrine and glucagon was unimpaired, but further studies
will be necessary to establish the reproducibility and signifi-
cance of these observations.

Several experiments were carried out to compare the basal
activity and effects of hormones in particulate fractions sep-
parated by differential centrifugation. In expt 1, of Table I,
three fractions of particles were separated by centri-
fugation from the initial 15,000 sediment. Although
there were no large or consistent differences in the specific
activity of the three fractions when assayed in the presence of
NaF, large effects of hormones were observed only with the
two heavier fractions. In a few more recent experiments, e.g.,
expt 2 of Table I, we have found little difference in the basal
activity or hormone effects with different fractions of par-
ticles. In addition, the specific activity of these preparations
was, in general, distinctly higher than that of the majority
of earlier preparations. The reasons for these differences are
not readily apparent. We have not compared the morphology
of various preparations with high or low specific activity or
with wide differences in patterns of hormone response. One
preparation of particles, collected at 2200g and examined by
electron microscopy, consisted predominantly of smooth
membrane fragments but included some rough endoplasmic
reticulum, mitochondria, and dense granules about 0.2 x in
diameter.

Adenyl cyclase was assayed using [a-32PJATP essentially as
described by Chase and Aurbach (1968), except that recovery
of 3'5'-AMP was estimated from the optical density at 260 mu
of the purified nucleotide fraction in which 32P was assayed
(Weiss and Costa, 1967). The final reaction mixture for the
assay contained usually 38.5 mm Tris-HCI buffer (pH 8.0),
7.7 mM caffeine, 2.3 mm ATP (10-20 cpm/uumole), 4.6 mm
MgCl,, 0.77 mMm glycylglycine buffer, and 0.38 mm MgSO,.
The total volume of the assay mixture was 65 ul containing
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usually 25 ul of particle suspension (40-80 ug of protein). In-
cubations were carried out at 37° for 10 min unless otherwise
stated, after which 0.5 ml of a solution containing 7 mm ATP,
2.5 mM 3’5’-AMP, and 10 mm Tris-HCI buffer (pH 7.5) was
added and the tubes were placed in boiling water for 3 min.
Labeled 3’,5'-AMP was separated from other 32P-labeled
compounds and counted, as described by Chase and Aurbach
(1968) and by Krishna er al. (1968). In a few experiments as
indicated below, [*H]JATP was used instead of [*?P]JATP.
Except in Figures 1, 2, and 6, in which each point repre-
sents the result of a single assay, all values presented in figures
and tables are the mean of duplicate (occasionally triplicate)
assays. Values usually agreed within 5~1097.

[*H]3'5'-AMP was used to investigate the degradationof 3/,-
5’-AMP under the conditions used for assay of adenyl cyclase
(but without radioactive ATP). The incubation period was
terminated in these experiments by the addition of 100 ul of a
mixture of ATP, 5’-AMP, 3’,5’-AMP, and adenosine (in some
cases also inosine or ADP). After heating for 3 min in a
boiling-water bath, the tubes were cooled and centrifuged. A
50-ul sample of each supernatant fluid was placed directly in a
counting vial and another 50-ul sample was applied to What-
man 1 paper which was then developed overnight using us-
ually a solvent mixture of 959 ethanol and 1 M ammonium
acetate (pH 5.0) with 3 mm EDTA (70:30, v/v). After the
papers were dried, the spots were outlined under ultraviolet
light, cut out, and divided into small pieces which were placed
in a glass counting vial; 1 ml of 0.1 N HCI was added. After 30
min at room temperature 50 ul of 2 N NaOH was added fol-
lowed by 15 ml of the scintillation counting solution described
by Bray (1960). Similar additions were made to the vials which
contained samples of the total supernatant fluid.

L-Epinephrine bitartrate was purchased from Nutritional
Biochemical Co. Crystalline glucagon (lot 258-234B-167-1)
and glucagon-free amorphous insulin (20 U/mg) were ob-
tained from the Eli Lilly Co. through the courtesy of Dr. O. K.
Behrens. Porcine ACTH was purchased from Calbiochem.
Prostaglandin E; was obtained from the Upjohn Co. Prop-
anolol and pronethalol (Ayerst Laboratories, Inc., New York)
were diluted for use from ampoules prepared for parentera!l use.
[-32PJATP and [*H]ATP were purchased from International
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FIGURE 1: Accumulation of [®H]3",5'-AMP as a function of time.
Each assay contained 65 ug of sediment protein.

Chemical and Nuclear Corp., [*H]3’,5'-AMP from Schwartz
Bioresearch Inc.

Results

The Assay. In the experiment summarized in Figure 1, the
rate of accumulation of 3/,5’-AMP was apparently constant
for 10 min in the presence of NaF or ACTH and was almost
so under control conditions. As shown in Figure 2, adenyl
cyclase activity expressed as micromicromoles of 3’,5'-AMP
accumulated in 10 min in the presence of epinephrine or NaF
was proportional to the amount of enzyme added up to about
80 ug of protein/assay. With these amounts of protein, cyclase
activity in the absence of hormone or NaF was not measur-
able with any accuracy in this experiment.

The effect of pH on adenyl cyclase activity is shown in
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FIGURE 2: Accumulation of [*H]3’,5’-AMP as a function of the
amount of sediment protein. Incubation for 10 min, pH 8.0.
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FIGURE 3: Effect of pH on adenyl cyclase activity. (A) Each assay
contained 92 ug of protein incubated for 5 min with ACTH, 0.77
U/ml, or NaF, 77 mM, as indicated. (B) Each assay contained 79
ug of protein incubated for 10 min with glucagon, 7.7 ug/ml;
epinephrine, 4.2 X 10~5m; ACTH, 0.77 U/ml; or NaF, 77 mwm, as
indicated.

Figure 3. The activity under all conditions increased mark-
edly between pH 7.5 and 8.0 and changed little between 8.0
and 9.0. Since the magnitude of the hormone effects relative to
control activity as well as the absolute levels of cyclase activity
were essentially maximal at pH 8.0, all of the experiments re-
ported here were carried out at this pH. No significant differ-
ence in the effects of pH on the action of the three hormones,
epinephrine, ACTH, and glucagon, was demonstrated.

As shown in Figure 4, increasing the ATP concentration
from 2.3 to 3.4 mM increased 3/,5’-AMP production inthe pres-
ence of NaF or epinephrine by about 107 and increased the
basal production by a somewhat larger percentage. Since, with
lower concentration of ATP, 3/,5'-AMP production was essen-
tially constant for 10 min, and 3’,5’-AMP production was di-
rectly proportional to enzyme concentration over the range
used in these studies, it was used in the standard assay system
despite the fact that it was not optimal. It will be noted that al-

3',5'- AMP - mpmoles/mg PROTEIN/IOmin.

] 2 3 4
ATP conc - Mx 103

FIGURE 4: Effect of ATP concentration on adenyl cyclase activity.
Each assay contained 41 ug of protein incubated for 10 min. (@)
Control; (Q) epinephrine, 8.4 X 1075 M; (a) NaF, 3.08 X 1072 m.
The concentration of MgCl, was varied along with that of ATP so
that the ratio of MgCl: to ATP was 2.0 in all incubations.
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TABLE I1: Comparison of Adenyl Cyclase Activity Assayed by
Two Methods.=

3/,5’-AMP Produced
(mumoles/mg of Protein

10 min)
From
Additions [BH]ATP Bioassay
None 0.21 0.30
Epinephrine, 1.68 X 10-4 M 1.32 1.3
ACTH, 3.1 U/ml 0.77 0.80
Glucagon, 30.8 ug/ml 1.07 1.14
NaF, 3.1 X 103 M 4.53 4.25

s Incubations for bioassay were carried out with ten times
as much of each of the solutions used in the radioactive assay
except that [BH]JATP was omitted. After termination of the
incubation by heating, appropriate dilutions of the superna-
tant fluid were assayed for 3/,5’-AMP by a slight modification
of the method of Butcher et al. (1965) which is based on the
acceleration of the activation of liver phosphorylase by 37,5'-
AMP.

though the ratio of MgCl; to ATP was 2 in all incubations, in
fact, due to the MgSO, contained in the enzyme preparation,
the ratio of Mg2t+ to ATP varied from 2.08 at the highest ATP
concentration to 2.33 at the lowest. The effect of varying the
ratio of Mg+ to ATP has not been systematically investi-
gated. It may be pointed out that, although the apparent K
for ATP in the presence of NaF is less than half of that in the
absence of NaF, the amount of ATP remaining at the end of
the assay period was much less in the absence of fluoride than
in its presence.

Adenyl cyclase activity assayed as described above using
[*HJATP was compared with that estimated using he bio-
assay method of Butcher er al. (1965). As shown in Table II,
the values for cyclase activity assayed by the two procedures
are in good agreement except in the case of the basal levels.
In those incubations the amount of cyclic [P HJAMP formed was
at the lower limits of the assayable range and the duplicates
deviated 2097 from the mean. In all other radioactive assays,
the duplicate values were within 6% of the mean. In the bio-
assay, duplicates varied no more than 109 from the mean.

Effect of NaF. Data from two experiments showing the
effect of NaF concentration on accumulation of 3’,5’-AMP
are summarized in Figure 5. Maximal cyclase activity was ob-
served with a concentration of ca. 3 mm NaF. At 1.5 or 7.7
mM, activity was about 8597 of the maximal. ACTH added in
the presence of 7.7 mm NaF was without effect. At a concentra-
tion of 0.3 mM (not shown) NaF had little or no effect, nor did
it alter the amount of 3/,5’-AMP accumulated in the presence
of maximal stimulation by ACTH or glucagon. It should be
noted that in the experiments presented in Figures 1 and 3, the
concentration of NaF employed was 77 mM. As shown in
Figure 5, the adenyl cyclase activity with this concentration of
NaF is only about 509 of that assayed in the presence of 3
mmMm NaF.

The inhibitory effect of higher than optimal concentrations

ADENYL CYCLASE ACTIVITY IN PARTICLES FROM FAT CELLS
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FIGURE 5: Effect of NaF concentration on adeny! cyclase activity.
Data from two experiments carried out at different times with dif-
ferent particle preparations. (@) 86 ug of sediment protein per as-
say; (O)49 ugof sediment protein per assay.

of NaF is apparently not due to the sodium ion since the
effect of 38.5 mMm NaF was not reproduced by a similar con-
centration of NaCl (Table III). The addition of 38.5 mm NaCl
to assays under control conditions or in the presence of NaF,
3.8 or 7.7 mm, was associated with an approximately 3097 in-
crease in the amount of 3’,5’-AMP accumulated but in expt 3
of Table III, no stimulatory effect of 38.5 mM NaCl was ob-
served in assays containing epinephrine or ACTH.

Hormone Effects, The effects of several concentrations of
epinephrine, ACTH, or glucagon are shown in Figure 6. With
the preparation of particles used in this experiment, the max-
imal effect observed with epinephrine was greater than that
with glucagon which was in turn greater than that with ACTH.
With eight different preparations of particles assayed with all
three hormones at concentrations demonstrated in each experi-
ment to be producing a maximal stimulation of cyclase activ-

TABLE 11I: Effect of NaCl on Adenyl Cyclase Activity.

3',5'-AMP Pro-
duced (mumoles/
mg of Protein 10

min)
No NaCl,
Expt Additions (concn) NaCl 38.5 mm

1 None 0.30 0.39

NaF, 3.85 mMm 1.72 2.32
NaF, 38.5 mMm 1.00
2 None 0.28

NaF, 7.7 mM 1.84 2.29
NaF, 38.5 mm 1.12

3 None 0.12 0.16

Epinephrine, 8.4 X 10™° M 0.74 0.71
ACTH, 1.5 U/ml 0.26
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FIGURE 6: Effect of hormone concentration on adeny! cyclase ac-
tivity. Each assay contained 86 ug of sediment protein.

ity, the effect of epinephrine was always greatest, whereas the
magnitude of the effects of the peptide hormones relative to
that of epinephrine varied widely. Data obtained with these
preparations are summarized in Table IV. There was no ap-
parent correlation between the magnitude of the epinephrine
effect and the relative activity of the other hormones.

The effects of combinations of hormones are summarized in
Table V. In expt 1, the addition of ACTH in the presence of
epinephrine at a concentration sufficient to produce maximal
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FIGURE 7: Effect of dichloroisoproterenol and pronethalol on adeny!
cyclase activity. Each assay contained 72 ug of sediment protein.
(®) No epinephrine; (O) plus epinephrine, 4.2 X 1075 M. (The
experiments with dichloroisoproterenol and pronethalol were
carried out on successive days using samples of the same preparation
of particles.)
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TABLE 1Iv: Maximal Effect of ACTH and Glucagon on Cyclase
Activity Relative to that of Epinephrine.c

Max Effect as 97 of Epinephrine Effect

Sediment Prepn With ACTH With Glucagon
1 89 54
2 86 66
3 80 49
4 56 75
35 45 21
6 34 100
7 28 61
8 23 65

e The maximal increase over basal actjvity due to epine-
phrine ranged from 0.62 to 1.65 mumoles of 3’,5'-AMP/mg
of protein 10 min for these 8 particle preparations. (Mean
= SEM = 0.87 £ 0.22)) The basal activity was 0.19 =
0.025. The data included here are only for sediment fractions
assayed immediately after preparation since with some pre-
parations the magnitude of the ACTH effect appeared to
decrease with storage at —80° while the effects of the other
two hormones were unchanged.

stimulation of 3’,5/-AMP accumulation was without effect.
In two out of three experiments, however, the effect of epine-
phrine plus glucagon was greater than the effect of either
alone. Glucagon and ACTH together in two experiments pro-
duced an effect greater than that of either hormone alone. In
fact, the effects appeared to be additive.

Stimulation of cyclase activity by epinephrine was inhibited
by the B-adrenergic blocking agents, dichloroisoproterenol
and pronethalol, which themselves induced an increase in 3/,-
5’-AMP accumulation. As shown in Figure 7, the effect of
4.2 X 1075 M epinephrine was decreased 509 by an equimolar
concentration of pronethalol and almost 80 %7 by a similar con-
centration of dichloroisoproterenol. In another experiment,
the effect of the same concentration of epinephrine was de-
creased by 9097 in the presence of four times that concentra-
tion of dichloroisoproterenol and was completely blocked by
propanolol at a molar concentration seven times that of the
epinephrine. In the latter experiment propanolol (3 X 10~4Mm)
had no effect in the absence of epinephrine. It has been re-
ported earlier that dichloroisoproterenol (Butcher et al., 1965)
and pronethalol (Butcher and Sutherland, 1967) both slightly
increased the concentration of 3’,5’-AMP in fat pads when
added alone to the incubation medium. When either was added
in the presence of epinephrine, the level of 3/,5-AMP was
lower than it was in the presence of epinephrine alone. Murad
et al. (1962) had previously found that the effect of epinephrine
on cyclase activity in particle fractions from dog heart and
liver was inhibited by dichloroisoproterenol which alone had a
slight stimulatory effect on the preparation from heart but not
on that from liver.

Insulin, prostaglandin E,, and nicotinic acid all have been
shown to decrease the concentration of 3/,5’-AMP in fat cells
incubated in medium containing caffeine and epinephrine
(Butcher er al., 1968; Butcher and Baird, 1968). Insulin (0.015-
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TABLE v : Effect of Combinations of Hormones on Accumulation of 34,5'-AMP.=

Hormone(s) Added Expt 1 Expt 2 Expt 3
Epinephrine 0.79 = 0.143 (5) 0.70 = 0.052 (4 1.01 = 0.078 (4)
ACTH 0.36 = 0.079 (6) 0.20 = 0.029 (4)

Glucagon 0.37 = 0.091 (6) 0.66 + 0.067 (4) 0.93 = 0.057 (4)
Epinephrine + ACTH 0.91 = 0.317(3)

Epinephrine + glucagon 0.88 = 0.115(2) 1.25 £ 0.145 (2) 1.40 =+ 0.008 (2)
ACTH + glucagon 0.87 =0.117 (4 0.82 = 0.040 (2)

e Data for effects of each hormone alone are based on assays at each of two concentrations, i.e., epinephrine, 8.4 X 1075 and
16.8 X 1075 m; ACTH, 1.5 and 3.0 U/ml; and glucagon 15.4 and 30.8 ug/ml. In each case the lower concentration of the
hormone was apparently producing a maximal effect for that hormone. Each hormone was used at the lower concentration in
the assays containing two hormones in expt 1, and at the higher concentrations in expt 2 and 3. [*HJATP was used in expt 2 and
3. The values in the table are the mean plus or minus standard error of the mean for the number of assays indicated in paren-

theses.

30.8 mU/ml) had no effect on cyclase activity in our experi-
ments when added alone or in the presence of epinephrine
(4.2 or 8.5 X 1073 m). Prostaglandin E, (7.7-38.5 ug/ml) and
carbachol (0.015-1.5 mm) were also without effect in similar
experiments. Accumulation of 3/,5-AMP in the presence of
epinephrine was not altered by the addition of 10~2 M nico-
tinic acid. Nor was there any effect of nicotinic acid on the deg-
radation of 3’,5’-AMP in the assay system, whether or not
caffeine was present.

Since the presence of Ca?* ion in the incubation medium in-
fluences greatly the sensitivity of fat cells to the lipolytic action
of ACTH, and to a lesser extent that of epinephrine (Mosinger
and Vaughan, 1967), the effect of CaCl, on fat cell cyclase ac-
tivity was investigated. CaCl, (8.5 X 1073 M) inhibited both
basal and epinephrine-stimulated activity by 40-459;, and
8.5 X 10~¢ M inhibited about 20 9. Neither basal nor ACTH-
stimulated activity was influenced by 4.2 X 10=¢ M CaCl,. @ye
and Sutherland (1966) reported that the epinephrine respon-
siveness of cyclase in erythrocyte membranes decreased during
storage in the cold and could be restored by treatment with
mercaptoethanol. With several fat cell cyclase preparations,
dithiothreitol (7.7 X 10~ M), enhanced basal, epinephrine-,
and ACTH-stimulated activity by about 3097, but with other
preparations no effect was observed. There was no apparent
correlation between the age of the particles and the presence or
absence of stimulation by dithiothreitol.

Merabolism of 3',5’-AMP in the Assay. As shown in Table
VI, under the conditions of the assay, about 109 of 0.5 mu-
mole of *H-labeled 3’,5’-AMP was degraded. (The amount of
3’,5'-AMP formed during an assay ranged from 0.005 to 0.20
mumoles, occasionally more in the presence of NaF.) When
caffeine was omitted, approximately 409 of the 3’,5-AMP
was degraded in 10 min. ATP did not significantly influence
the disappearance of 3’,5-AMP, but markedly affected the
distribution of ?H in the products. When both ATP and caf-
feine were omitted, adenosine was the major product of 3/,5'-
AMP degradation. In the presence of caffeine, only about 25 %}
of the ®H that disappeared from 3’,5'-AMP appeared in
adenosine. Most of the remainder was cochromatographed with
5’-AMP. When ATP was present, whether or not caffeine was

ADENYL CYCLASE ACTJVITY IN PARTICLES FROM FAT CELLS

added, essentially no *H accumulated in adenosine and only
25-35% of the *H that disappeared from 3’,5’-AMP could be
recovered as 5'-AMP. Most of the remainder was recovered
from areas of the chromatograms occupied by ATP and ADP.

Several attempts were made to demonstrate synthesis of
ATP from 3',5'-AMP, i.e., reversal of the cyclase reaction.
Even in the absence of added ATP and pyrophosphate, a small
amount of *H, 0.1-0.2%; of [*H]3’,5’-AMP, was incorporated
into ATP and ADP in a system containing Tris-HCI buffer
(pH 7.4), caffeine, and MgCl,. In a few experiments this was
approximately doubled by the addition of 2.3 mm sodium
pyrophosphate, but in this crude particle system it seems un-
likely that one can establish with any certainty the pathway by
which label from 3’,5'-AMP is incorporated into ATP and
ADP.

TABLE vI: Degradation of 3’,5’-AMP under Conditions of
Adenyl Cyclase Assay.«

3/.5'-AMP
Disap;l))ear- A3H in Product % 100
ance Per- oo T oo
Al ‘5'-AMP
Caffeine ATP centage/10 Hin3',3"-AM
(7.7 mM) (2.3 mm) min Adenosine  5'-AMP
+ + 8.8 0 35
0 -+ 40.0 0 25
+4- 0 9.4 25 65
0 0 41.2 >90 0

« The reaction mixture was made up exactly as for the cy-
clase assays except that no labeled ATP was added and each
tube contained 0.5 mumole [*H]3’,5'-AMP. Incubation was
carried out for 10 min at 37°. The mean of results from two
experiments with different sediment preparations is presented.
In both, each incubation contained 70 ug of sediment protein
and the findings were essentially identical.

3097



Discussion

Before the method of preparing particles described above
was devised, numerous attempts were made to obtain a frac-
tion from homogenized fat pads in which the effects of hor-
mones on adenyl cyclase activity could be studied. Various
methods of homogenization in different media yielded homog-
enates and fractions thereof that contained cyclase activity
which was markedly enhanced by NaF, but only small effects
of hormones could be demonstrated. The procedure described
here has invariably yielded preparations that respond well to
hormones. With 17 different particle preparations, the max-
imal activity attained with epinephrine was 4.8 = 0.38 (mean
plus or minus standard error of the mean) times the basal
level. The epinephrine maximum was 39.6 &= 5.04 7 of the acti-
vityassayed inthe presence of NaF with ten preparations. There
were, however, obvious differences between preparations both
in specific activity and in the extent of activation by individual
hormones. The specific activity of our preparations was of the
same order of magnitude as that reported by Rodbell (1967)
for fat cell “ghosts.” The two kinds of preparations are prob-
ably rather similar in composition although the particles ob-
tained after freezing the cellsin hypotonic medium are ap-
parently considerably smaller than *“ghosts.”

Assays like the one used in these studies have recently been
employed in several laboratories, but no comparison has been
reported between the apparent adenyl cyclase activities ob-
tained with this assay and those based on bioassay of 3,5-
AMP which have been in use for considerably longer. Often
the extracts in which 3/,5'-AMP is measured contain inhibitors
of the bioassay, the presence of which may necessitate correc-
tion of the assayed values for cyclic AMP (Rall and Suther-
land, 1958; Murad ez al., 1962, 1969; Murad, 1965). The in-
hibitor described by Murad (1965) is apparently very similar
in structure to 3/,5'-AMP and is not separated from it by most
chromatographic procedures. If it were synthesized from ATP
in the radioactive assay system, this method could yield falsely
high values for adenyl cyclase activity. In the experiment re-
ported above, samples used in the bioassay were tested for in-
hibitory activity and nonewas detected. It is possible that under
conditions in which inhibitors are produced (or are present),
theresults of assays by the two methods would not agree as well
as they did in this instance.

The concentration of epinephrine required to produce a
maximal effect on cyclase activity (4 X 10~% M) was approxi-
mately 100-fold that which we have found produces maximal
stimulation of lipolysis in fat cells. Maximal effects of ACTH
and glucagon on cyclase activity were obtained with concen-
trations of 0.8 U/ml and 8 ug/ml, respectively. These concen-
trations are about 20 times greater than those that induce max-
imal rates of lipolysis in fat cells. As has been observed in most
other studies of adenyl cyclase from various sources, the max-
imal level of activity attainable with hormone stimulation was
never as great as that assayed in the presence of NaF.

It has also been previously noted that two different hor-
mones may produce different maximal levels of cyclase ac-
tivity in the same tissue preparation. This is not difficult to
understand in particle fractions prepared from kidney, for ex-
ample, since it seems quite clear that vasopressin and para-
thyroid hormone act on different populations of cells and in
broken cell preparations on different cyclases derived there-
from (Chase and Aurbach, 1968). Similarly in homogenates of
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testis, it seems probable that epinephrine and interstitial cell
stimulating hormone enhance the activity of cyclase derived
from different cell types. In these preparations the effect of
epinephrine can be observed in the presence of maximal stim-
ulation by interstitial cell stimulating hormone or follicle-
stimulating hormone (Murad ez al., 1969). It has often been
assumed (implicitly if not explicitly) that epinephrine and
glucagon act on the same cells in liver, although this is by no
means established and may in fact be incorrect. Bitensky et al.
(1968) have recently reported that in washed particles prepared
from homogenates of liver, the maximal cyclase activity at-
tainable with glucagon is considerably higher than that pro-
duced by epinephrine and the effects of the two hormones are
additive. Similarly, in particles from fat cells that we have
studied, although the relative effectiveness of the three hor-
mones varies widely from one preparation to another, the
maximal effects of epinephrine, ACTH, and glucagon are
usually different, and in some instances the effect of two hor-
mones is greater than that of either alone.

There is reason to believe, however, that adenyl cyclase ac-
tivityin an intact fat cell canbe increased to essentially the same
maximal level by all three hormones. We had found earlier (M.
Vaughan, unpublished data) that although the maximal rate
of glycerol production induced by glucagon was somewhat less
than that attainable with epinephrine or ACTH, combina-
tions of any two or three hormones never produced an effect
greater than that of epinephrine or ACTH alone. It was quite
possible, however, that the concentration of intracellular 3/,5'-
AMP attained with epinephrine or ACTH alone was sufficient
to maximally activate lipolysis so that any further increase
would not have been reflected in an enhanced rate of glycerol
production.! Using concentrations of the hormones that had
previously been demonstrated to induce maximal effects of
glycerol production, we measured the concentration of 3/,5’-
AMP in fat cells (plus medium) that had been exposed to epi-
nephrine and/or ACTH or glucagon (F. Murad, V. Mangan-
iello, and M. Vaughan, unpublished data). The concentration
of 3/,5’-AMP in cells (plus medium) incubated with glucagon
was somewhat less than that in cells exposed to epinephrine,
but addition of either ACTH or glucagon in the presence of
epinephrine produced no further elevation. Similar results
were obtained by Butcher ez a/. (1968) in experiments in which
caffeine was present in the incubation medium so that the con-
centrations of 3/,5’-AMP were several times higher than those
attained in our studies. Thus, there is no evidence that there
are different populations of fat cells in terms of hormone re-
sponsiveness.

It appears that a fat cell contains receptors? for each of the

L Inferences from these experiments are based on the assumption that
3/,5’-AMP influences lipolysis only in the cell in which it is formea.
At least under the conditions of these experiments, this assumption
appears to be valid since it has been shown that 3',5'-AMP added to
Krebs-Ringer phosphate medium usually inhibits lipolysis (in con-
centrations between 10~¢ and 10-3 M),

2 The question of whether or not there are separate receptors for
each of the hormones that act on cyclase seemingly must be answered
in the affirmative in the sense that it would be expected that such dif-
ferent molecules as, for example, epinephrine and glucagon, would
require chemically different structures with which to interact, given the
demonstrated specificity of hormone action. The implications of this
discussion are similar whether one considers that the hormone-receptor
is a ‘“‘regulatory” portion of the cyclase molecule or a regulatory sub-
unit of a cyclase system, i.e., not covalently bonded to the catalytic
subunit, as discussed by Robison et al, (1967).
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three hormones (and probably for others also). But is a single
adeny! cyclase molecule associated with ““receptors” for each
of the hormones ? Or does a cyclase molecule respond to only
one receptor or regulatory site, /.e., each cell contains several
populations of cyclase molecules distinguishable at least in
terms of the nature of the receptor site with which they are
associated ? If the latter were the case, one might expect that
even after all of the “epinephrine cyclase” molecules were acti-
vated, the ACTH and glucagon cyclases would remain avail-
able for activation. Perhaps they do, and the concentration of
37,5'-AMP is not an adequate index of cyclase activity in the
fat cell experiments or perhaps there is some factor(s) that
limits cyclase activity in the cell. The observations on intact
fat cells, however, seem more readily compatible with the first
alternative, since a cyclase molecule already ‘‘activated” by
the interaction of a hormone with its receptor site presumably
would not be further activated by binding of a different hor-
mone at its receptor site.

In contrast to the findings with intact fat cells, adenyl cy-
clase activity of particle preparations inthe presence of two hor-
mones appeared at times to be greater than the maximal level
attainable with either hormone alone. The effects of two hor-
mones were not, however, invariably and strictly additive as
might be expected if each cyclase molecule could respond to
only one of the hormones. (Of course, if there were some mech-
anism that limits cyclase activity in the intact cell, it could be
operative, perhaps to a limited or variable extent in the par-
ticle preparations.) If, in the intact cell, every cyclase molecule
were associated with receptors for several hormones and could
be maximally activated by interaction of a hormone at any one
site, it would be necessary to postulate that in the process of
preparations of the particle fractions, receptor sites for one or
more hormones have been separated from the cyclase mole-
cules or altered so that they can no longer influence enzyme
activity. Receptor sites may not in fact be part of adenyl cy-
clase itself, but rather integrated into the organized structure of
the cell membrane in such a way that formation of a hormone—
receptor complex produces alterations in the configuration of
the enzyme and thereby its activity. In this case extensive frag-
mentation of the cell membrane or alterations in the configu-
ration of other components of the structure might lead to de-
struction of the capacity to respond to hormonal activation
without loss of or damage to either the hormone-receptor site
or the cyclase enzyme. The observed variability in responsive-
ness to the three hormones and in the effects of combinations
of two would be compatible with this possibility.

We have not discussed the possibility that activation of
adenyl cyclase does not result directly from interaction of a
hormone with its receptor site, but rather that such interac-
tion might lead through one or more steps to formation of an
intermediate which could increase the activity of adenyl cy-
clase, either by a direct effect (e.g., allosteric) or by favoring the
conversion of cyclase from an inactive or less active form into
a more active form. We considered that if this hypothesis were
correct it might be possible to demonstrate hormonal stimu-
lation of cyclase activity in a fraction apparently unresponsive
to hormone by incubating it with a responsive fraction. Ac-
cordingly, samples of the 15,000g and the 2800g sediments
from expt 1 of Table I, were assayed separately and together
with and without ACTH. As shown in Table I, the activity of
the 15,000g sediment was affected little if at all by ACTH,
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whereas the activity of the 2800g fraction was increased 7-
fold. The activity of the two fractions assayed together was
equal to the sum of the individual activities with and without
ACTH, thus providing no evidence in support of this hy-
pothesis. It remains, nevertheless, attractive in many ways, not
the least of which is that it could readily provide an explana-
tion for the mechanism of the stimulatory action of NaF. The
presence of a cyclase-activating intermediate at the beginning
of an assay period or its formation in relatively small amount
(in the absence of added hormone) might, if its degradation
were prevented by NaF, be sufficient to provide for apparently
maximal activity of adenyl cyclase throughout the incubation
period. Alternatively, inhibition by NaF of the conversion of
cyclase from an active to a less active form could lead, pos-
sibly very rapidly, to accumulation of all of the cyclase in an
active form.
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