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MUNIRATHINAM, G. AND B. C. YOBURN. A simple procedure for assaying cAMP. PHARMACOL BIOCHEM
BEHAV 48(3) 813-816, 1994.— A step-by-step protocol for assaying cAMP is presented. This method is based on the
standard binding protein assay that is available commercially. However, using the present procedure, the per tube cost is
dramatically reduced. In the current protocol, four different binding proteins are compared for their ability to bind cAMP.
The source of all reagents is noted as well as necessary precautions for insuring reliable assays. A simple tissue preparation
method is outlined for assaying cCAMP in brain. The utility of the assay is illustrated by demonstrating the effect of forskolin

on cAMP in mouse striatal tissue.
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¢AMP is an important intracellular messenger whose forma-
tion can be both inhibited and stimulated following activation
of a variety of ligand binding sites (7,9,12). A number of assay
techniques are available for determining cAMP levels and for
evaluating the activity of the enzyme adenylyl cyclase that
converts ATP to cAMP [(2-4,10,13); see for review: (8)]. In
addition, there are commercially available kits for assaying
cAMP levels; however, in many cases, the cost of these kits
makes their use prohibitively expensive. Therefore, in this re-
port we present a simple, inexpensive assay for cAMP that is
based on the the binding of cAMP to a protein kinase. We
have demonstrated the utility of the assay by examining the
effect of the direct adenylyl cyclase stimulator forskolin (6,11)
on cAMP in mouse striatum. The advantage of the assay de-
scribed in this report is that it is specific, simple, and inexpen-
sive and all components are readily available.

METHOD

The assay procedure is similar to that of commercially
available kits (e.g., Amersham) that depend upon the binding
of cAMP to a cAMP dependent protein kinase or binding
protein. The assay is based on the displacement of labeled
cAMP from the binding protein by unlabeled cAMP. For
construction of a standard curve, known amounts of cAMP
are added to successive tubes and the amount of trace bound
to the kinase is determined. Unknowns are estimated by deter-
mining the amount of trace cAMP bound to the kinase and
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then estimating the amount of cAMP by referring to the stan-
dard curve.

Materials

Tritiated cAMP (specific activity = 26 ci/mmole) (product
#TRK304) was purchased from Amersham (Arlington Heights,
IL). All other reagents were obtained from Sigma Chemical
(St. Louis, MO). (Product numbers are indicated in paren-
theses.) CAMP dependent protein kinases were used as the
binding proteins. The four kinases were derived from porcine
heart (P8164), rabbit muscle (P4890; P3891 referred to in this
report as rabbit muscle I and II, respectively), and bovine
heart (P5511). Other compounds were: acid-washed charcoal
(C4386), cAMP (A6885), ATP (A3284), cGMP (G6129),
5'AMP (A6785), GTP (G5884), EDTA (ED2SS), EGTA
(E4378), BSA (A4378), theophyliline (T 1633), MgSO, (M1880),
and forskolin (F6886). Buffers contained 50 mM Tris (pH 7.4)
with 4 mM EDTA, or 50 mM TRIS with 1 mM EGTA. Bind-
ing proteins were diluted in Tris EDTA buffer to yield 4 ug or
8 ug per 100 ul with 0.1% BSA. A 3.5% charcoal slurry in
Tris EDTA with 2% BSA was constantly stirred on ice.
[H]}cAMP, cAMP, ¢cGMP, GTP, and 5' AMP were dissolved
in Tris/EDTA. For forskolin stimulation, all reagents (theo-
phylline, GTP, ATP, MgSO,) were dissolved in TRIS/EGTA.
Forskolin was initially dissolved in DMSO (D8779) (10 mg/
ml) and diluted to the appropriate concentration with TRIS/
EGTA buffer (5).
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TABLE 1
cAMP ASSAY PROTOCOL
Buffer Standard
Tube (TRIS/EDTA)  or Unknown PHJcAMP Binding Protein Charcoal
Blank 150 ul Oul 50 ul Opul 100 pl
Standard 0pl 50 ul 50 ul 100 ul 100 pt
Unknown 0ul 50 pl 50 pl 100 ul 100 pl
The order of addition is from left to right. Tubes were assayed in duplicate in all cases.

Tubes were vortexed after adding binding protein, and then stored at 2°C for 2 h. Charcoal
was then added, tubes vortexed, and then centrifuged at 12,000 rpm for 7 min in a refriger-
ated centrifuge. A 200 ul aliquot of the supernatant was removed and counted by liquid
scintillation spectrophotometry.

Procedure

The order and volume of additions to each tube is as shown
in Table 1. All tubes (1.5 ml microfuge tubes) were kept on
ice. Approximately 80,000 dpms of ['H]JcAMP was added to
each tube (at above specific activity, bring 2 ul trace to 4 ml
with TRIS/EDTA). Following the addition of binding protein
(4 or 8 ug), tubes were vortexed (5 s) and then stored for 2 h at
2°C. Charcoal was then added to each tube, tubes were vor-
texed and then centrifuged (Fisher Marathon Centrifuge 21K/
BR) at 12,000rpm at 5°C for 7 min. Tubes were removed from
the centrifuge, carefully placed on ice such that the charcoal
pellet was not disturbed, and 200 ul of supernatant was rapidly
removed for counting using liquid scintillation spectropho-
tometry. For standard curves, 0-16 pmol of cAMP in 50 pl
Tris/EDTA was added to each tube. When unknowns were
assayed, 50 ul samples were employed. For determination of

TABLE 2

ICss FOR cAMP AND ¢cGMP FOR
FOUR DIFFERENT BINDING PROTEINS

cAMP cGMP
Kinase (pmol) (nmol)
4ug 2.92 0.81
Porcine heart (2.32-3.67) (0.65-1.01)
2.67 0.25
Rabbit muscle I (2.12-3.36) (0.08-0.74)
4.36 0.76
Bovine heart (3.79-5.02) (0.69-0.83)
2.57 0.38
Rabbit muscle 11 (1.86-3.55) (0.24-0.60)
8 ug 3.43
Porcine heart (2.71-4.34)
2.25
Rabbit muscle I (1.55-3.27)
4.56
Bovine heart (3.33-6.23)
1.68
Rabbit muscle I1 (1.09-2.58)

ICs, (95% confidence limits) values for cAMP
(pmol) and cGMP (nmol) from nonlinear regression
fitting of assay data for each of the four binding
proteins at 4 ug (top) or 8 ug (bottom) per tube.
Results are representative data from single experi-
ments.

specificity of the assay, cGMP (10-100 nmol), GTP (50-
10,000 nmol), and 5’'AMP (10-100 nmol) were used. It is
important to allow any ethanol in the trace to evaporate be-
fore diluting to appropriate concentration because the binding
proteins appear to be sensitive to ethanol. Furthermore, bind-
ing proteins should be prepared in advance in aliquots and
frozen.

Data Analysis

Standard curve calculations were determined by subtract-
ing the blank values from each standard (or unkown) tube.
The number of CPMs for 0 pmol cAMP is defined as C,. The
number of CPMs for each concentration of cAMP is defined
as C,. The ratio of Cy/C, is then plotted against pmol of
cAMP (see Fig. 2). The data are fit by linear regression and
unknowns can be calculated. To assess specificity of the assay,
ICys for cAMP, cGMP, 5'AMP, and GTP were determined
by nonlinear regression (GraphPAD ver 4.0, Graphpad Soft-
ware, San Diego, CA).

Forskolin Stimulation of cAMP

Tissue (one mouse striata per tube) was rapidly removed
and frozen on dry ice. Each striatum was then homgenized in
ice cold 0.5 m! Tris/EGTA buffer using a motor-driven Teflon
pestle and 1.5 ml microfuge tubes. Following homogenization,
the volume in the tube was brought to 1 ml with Tris/EGTA
buffer. A 25 ul aliquout was added to tubes containing 10 uM
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FIG. 1. Sensitivity of porcine heart binding protein (4 ug) to cAMP,
cGMP, and 5' AMP.
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FIG. 2. Calibration curve for cAMP using porcine heart as the bind-
ing protein (4 ug). See the Method section for details.

GTP, 1 mM ATP, 3 mM MgSO,, 10 mM theophylline and
brought to a final volume of 1 ml with TRIS/EGTA. Tubes
were incubated for 10 min (25°C) in the presence and absence
of 1-10 puM forskolin. The reaction was then terminated by
boiling the tubes for 5 min. Tubes were centrifuged (12,000
rpm) for 5 min at 5°C and a 50 ul aliquot of the supernatant
was taken for assay for cAMP. Where appropriate, the 50 ul
aliquot was diluted (e.g., 1: 3) to insure that cAMP content
would be within the range of the standard curve. Protein was
determined using a microassay technique (1) using reagent
purchased from BIO-RAD (Richmond, CA).

RESULTS

All four binding proteins were approximately equally sensi-
tive to cAMP. The IC,;s were all less than 5 pmol, regardless
of whether 4 or 8 ug of binding protein was included in the
assay (Table 2). All binding proteins were significantly less
sensitive to cGMP, with sensitivity ranging from = 90- to 280-
fold less compared to cAMP. Representative curves for one
protein (porcine heart) are presented in Fig. 1. Neither GTP
(not shown) nor 5’ AMP (Fig. 1) bound significantly to any of
the proteins.

To calculate unknowns, a standard curve was constructed
for each protein. A representative curve for a single protein
(porcine heart) is shown in Fig. 2. Unknowns can be easily
calculated using the fitted linear regression.

The utility of the assay is shown in Fig. 3 in which the
effects of forskolin on cAMP in mouse striatum are demon-
strated. Forskolin produced a dose-dependent increase in
cAMP with 10 uM forskolin producing more than a 10-fold
increase over basal levels.

DISCUSSION

The present paper presents a step-by-step protocol for
assaying cAMP based on the binding protein assay (4,13). The
advantage of our protocol is that all reagents, including the

815

£

o 30 -

-

@]

j -

O

@20_

3

~

o

2

S 10}

wn

L

o Lo

£ 0
o 0 1 2 5 10

Forskolin (uM)

FIG. 3. The effect of forskolin on cAMP in mouse striatum deter-
mined using porcine heart as the binding protein (4 ug). Each point
represents the mean (+ SEM) from five to six straita.

binding proteins, were obtained commercially, thus removing
the requirement for producing the binding protein. Further-
more, the cost per tube (= $0.05/tube) is reduced substantially
compared to commercially available kits. In terms of sensitiv-
ity for cAMP, the choice of binding protein, or concentration
(4 or 8 ug) is not critical if one chooses among the four used
here because the ICys are all less than 5 pmol. Binding of
5’AMP and GTP was negligible at concentrations up to 100
nmol (5’ AMP) and 10 umol (GTP) for all four binding pro-
teins. The cAMP-dependent protein kinase from porcine heart
had the greatest selectivity (~280-fold) for cAMP compared
to ¢cGMP, and we have opted to use this as the binding protein
(4 pg concentration) for subsequent assays. The sensitivity
of the present assay compares favorably with commercially
available kits.

The assay was responsive to direct stimulation of adenylyl
cyclase by forskolin in mouse striatal homogenate prepara-
tions. A dose-dependent increase in cCAMP was demonstrated
with maximal stimulation at 10 uM being more then 10-fold.
In further studies, we have observed inhibition of forskolin-
stimulated cAMP increases by opioids (data not shown).

In summary, the present report details procedures for
assaying cCAMP based upon the well-established binding pro-
tein assay. The cost of all materials is substantially reduced
compared to commercially available kits. All materials and
sources are indicated so as to readily allow the assay to be
established. In addition, a simple tissue preparation method is
presented and the utility of the assay is demonstrated.
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