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1. Introduction

The rate of conversion of ATP to cyclic AMP is
enhanced by adenylate cyclase (EC 4.6.1.1), an enzy-
me first described by Rall and Sutherland [1]. Purifi-
cation of the enzyme from mammalian tissues has
been hampered by the fact that it is tightly associated
with the plasma membrane [2].

Levey [3] described the use of the non-ionic deter-
gent Lubrol-PX to solubilize adenylate cyclase from
mammalian tissues. Attempts to purify this detergent
solubilized enzyme have been hindered by the low
specific activity of the enzyme in some tissue [4,5]
and its inherent instability in the absence of detergent
[5-71.

The central nervous system in mammals has the
highest activity of adenylate cyclase [6,8] and there-
fore provides an attractive source material for the
purification of the enzyme. The present study reports
the partial purification of membranes from rat
cerebellum, the subsequent solubilization and stabili-
zation of the adenylate cyclase contained in these
membranes and the purification resulting from the
passage of the solubilized material through Sepharose
6B. We have been able 1o cbtain a preparation of high
specific activity that shows excellent stability in the
presence of the non-ionic detergent Lubrol-PX.

2. Materials and methods
Adenylate cyclase activity was measured using a
modification of the method of Johnson and Sutherland

[6]. Approximately 20 ug of protein was added to
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900 ul of a buffer containing 50 mM Tris—HCI pH
7.4, 10 mM KCl, 5 mM MgCl, -6 H,0, 0.25 mM
2-amino-6-methyl-5-0xo-4-n-propyl-4,5-dihydro-s-tria-
zolo (1,5-a) pyrimidine (ICI 63, 197 - a potent
phosphodiesterase inhibitor), 3 mM dithiothreitol,
0.1% (wt/vol) Lubrol-PX (L.C.I. Limited), 0.1 mM Tris-
ATP and an ATP regenerating system consisting of

10 mM creatine phosphate and 15 ug/ml creatine
kinase (Boehringer-Mannheim). All incubations were
carried out at 37°C for 10 min. The reacticn was
terminated by the addition of 100 ul of 300 mM HCI
and heating at 100°C for 3 min. After neutralization
of the reaction mixture with 20 ul of 2 M Tris, the
cyclic AMP content of suitable aliquots of the incuba-
tion mixture was measured by the method of Brown
et al. [9] using cyclic AMP binding protein (British
Drug houses).

Protein concentrations of all samples excepting
material eluted from the Sepharose 6B columns were
determined on material precipitated and washed with
10% trichloroacetic acid by the method of Lowry et
al. {10] using bovine serum albumin as standard. Pro-
tein concentrations of the Sepharose 6B column eluate
were too low in relation to substances which interfere
with the development of the colour in the Lowry me-
thod and were, therefore, determined by a fluorimetric
method [11] using the solubilized membrane proteins
as standards.

Inorganic phosphorus was estimated using the me-
thod of Yoda and Hokin [12]. Phospholipid content
was taken as inorganic phosphorus content X 25.

Solubilized adenylate cyclase was prepared at 4°C
as follows: A washed particulate preparation was ob-
tained by low speed centrifugation of an homogenate
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Fig.1. Result of application of 8 ml of solubilized adenylate
cyclase to Sepharose 6B column equilibrated with S0 mM
Tris—~HCI pH 7.4, 250 mM sucrose, 3 mM dithiothreitol, 1%
Lubrol-PX. 2.6 ml fractions collected. Protein concentrations
were estimated by a fluorimetric method [11]. All adenylate
cyclase activity measurements were performed in duplicate.
For further details see text.

of the cerebella from 15 to 20 rats (200—500 g,
Alderley Park Strain) [6]. This particulate preparation
was re-suspended in 18 ml of homogenizing medium
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[6] and spun at 300 g for 5 min. The resulting super-
natant was divided into three and each portion care-
fully layered onto a linear sucrose gradient (vol. 26 ml,
20%—55% sucrose {wt/vol), also containing 100 mM
glycylglycine buffer pH 7.4, 2 mM MgClL,- 6 H,0,

1 mM EDTA and 3 mM dithiothreitol). The three gra-
dients were spun at 63 581 g, for 135 minina
Spinco SW 25.1 roter. The adenylate cyclase activity
banded between 36%—45% sucrose. This layer was
removed by aspiration, the layers from the three gra-
dients combined and made to 1% with respect to
Lubrol-PX by the addition of a suitable volume of
20% detergent solution. After S strokes with a loose
fitting glass—teflon homogenizer, the preparation was
spun at 100 000 g,, for 60 min in a Spinco 30Ti rotor.
The supernatant was denoted ‘solubilized adenylate
cyclase’.

Further purification of the solubilized adenylate
cyclase was achieved by the application of 8 ml of the
material to a Sepharose 6B (Pharmacia) column
(2.8 X 35 cm) equilibrated with 50 mM Tris—HCI
buffer pH 7.4 containing 250 mM sucrose, 3 mM
dithiothreitol and 1% Lubrol-PX. The flow rate was
15 ml/hr and 2.6 ml fractions were collected. The
column was calibrated with the proteins indicated in
fig.1A. A linear relationship was obtained between the
logarithms of the molecular weights of the proteins
and the volume of buffer required to elute them from
the column. Estimation of the phosphorus content
of the fractions showed that most of the phospholipid
was divorced from the adenylate cyclase activity
{fig.1A).

3. Results

The results of a typical preparation on the sucrose
gradient are shown in table 1. Johnson and Sutherland
[6] found that the activity of particulate adenylate
cyclase from rat cerebellum is markedly stimulated by
Lubrol-PX, an observation confirmed by us (not shown)
The activity of all samples was, therefore, determined
in the presence of 0.1% Lubrcl-PX as indicated in
Materials and methods. The specific acitivity was increas-
ed approximately 4%-fold by this sucrose gradient
step.

The purification achieved on a Sepharose 6B
column is indicated in fig.1. A mol. wt of 10°% was
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Table 1
Total protein =~ % Total activity % Specific activity
mg/g wet wt.  Original nmol/g Original nmol/mg/10 min
activity wet wt./10 min activity

Original homogenate 107.5 100 1100 100 10.2

Before sucrose

density gradient 314.0 31.5 415 38 12.2

After sucrose

density gradient 139 129 340 31 24.6

Sclubilized adenylate

cyclase 7.9 7.4 373 34 47.5

indicated for the solubilized adenylate cyclase in the
presence of 1% Lubrol-PX. The highest specific activity
achieved was 195 nmol/mg/10 min which represents

a 19-fold purification over the detergent-stimulated
particulate enzyme.

The solubilized adenylate cyclase from the sucrose
gradient showed no loss of activity when stored at
—20°C for several weeks and there was no loss in
activity on repeated freeze-thawing. Sucrose is essential
for maintaining stability to repeated freeze-thawing.
The preparation was also completely stable for at
least five days at 4°C,

The adenylate cyclase eluted from the Sepharose
6B column was also stable indefinitely at —20°C. At
4°C, at least 75% of the activity remained after five
days in the presence of 250 mM sucrose, 1% Lubrol-
PX, 50 mM Tris—HC1 pH 7.4 and 1 mM dithiothreitol.

4. Discussion

Previous attempts to purify adenylate cyclase have
foundered on the difficult problem of stabilizing the
solubilized enzyme. Johnson and Sutherland [6] report-
ed a relatively unstable preparation from rat cerebel-
lum. The stability of their preparation was increased
by the inclusion of dithiothreitol and bovine serum
albumin in the homogenizing medivm. We have found
that more extensive purification of the membranes on
a sucrose gradient permits the solubilization of ade-
nylate cyclase of very high specific activity and with

much improved stability. The membranes which band
at these sucrose densities have been associated with
synaptic membranes [13]. We have found that the
plasma membrane marker enzymes 5'-nucleotidase and
alkaline phosphatase are associated with the purified
membranes (results not shown). A significant increase
in specific activity of adenylate cyclase was achieved
by gel filtration in the presence of a buffer, sucrose,
dithiothreitol and detergent. About 60% of the activity
applied to the column was recovered from the eluate.
The stability of the fractions with highest specific
activity (180 to 200 nmol/mg/ 10 min) is adequate

for further purification steps to be undertaken. The
slight decrease in stability of these fractions as com-
pared to the “solubilized adenylate cyclase” may

derive from their greater dilution and/or from the
absence of phospholipid (5,7). The adenylate cyclase
from rat cerebellum appears as a single peak in contrast
to the results of Neer [14] who described two different
molecular weight species from solubilized rat renal
medulla. Swislocki and Tierney [7] reported that the
stability of a solubilized adenylate cyclase was
improved by flucride and magnesium ions. Our study
indicates that a stable, solubilized enzyme can be
obtained without recourse to the stimulatory flucride
ion. Thus, cur preparation may prove more convenient
for further purification. The specific activity of the
enzyme eluted from Sepharose 6B is the highest yet
described with the possible exception of the 5'-guanyl-
imidodiphosphate stimulated enzyme [15] and should
provide a useful preparation for the further study of
the effect of activators on the adenylate cyclase system.
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