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SUMMARY

Adenylate cyclase (EC 4.6.1.1) of partially purified rat liver plasma membranes
was dispersed by a number of nonionic detergents. The presence of F~ stabilized
adenylate cyclase activity during dispersion by detergent. Both dispersed and intact
membrane adenylate cyclase preparations were more active in the presence of Mn2+
than Mg?+. The specific activity of the dispersed enzyme was higher than either the
basal or F—~stimulated cyclase activity of intact membranes, but the dispersed enzyme
did not respond to glucagon or to further addition of F~.

INTRODUCTION

From studies initiated by Sutherland and colleagues [1] and extended by others
[2-4], it has become evident that adenylate cyclase (ATP pyrophosphate-lyase
(cyclizing), EC 4.6.1.1) is bound to the plasma membrane of many cell types. How-
ever, the particulate nature and lability of the enzyme have made its purification and
characterization difficult.

Nonionic detergents have been used to “solubilize” adenylate cyclase from a
number of different sources. Sutherland et al. [1] first reported the dispersion of
particulate adenylate cyclase of brain, muscle, and liver by Triton X-100, although
with significant losses of enzyme activity. Subsequently, a number of workers have
confirmed and extended this observation with cyclases prepared from heart muscle
[5], corpus luteum [6], kidney [7], liver [8], and brain [9, 10]. Ray et al. [11] report that
certain ionic and nonionic detergents have little effect on adenylate cyclase activity in
liver plasma membranes, whereas Pohl et al. [3] report that they have been unable to
“solubilize” the enzyme from liver plasma membranes.

It is evident from these reports that there are tissue differences which affect the
dispersion of adenylate cyclase, though the inability of detergent to “solubilize” the
enzyme from purified liver plasma membranes has been unexplained. In the present
communication we report conditions for successful detergent-dispersion of rat liver
plasma membrane adenylate cyclase and some properties of this dispersed enzyme as
compared with the cyclase of intact membranes.

* Some aspects of this work have been presented at the Ninth International Congress of
Biochemistry (ref. 8).
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EXPERIMENTAL PROCEDURE

Membrane preparation

Plasma membranes were prepared by a modification of the method of Song
et al. [12]. Rats weighing 175-230 g were used. In a typical preparation, four rat livers
were homogenized in 2 vol of ice-cold 1 mM NaHCO,, pH 7.4, using 20 strokes with
a hand Teflon-glass homogenizer. The homogenate was diluted to 500 ml with 1 mM
NaHCO; and filtered 3 times through 3 layers of surgical gauze. After centrifugation
for 10 min at 1500 X g, the pellet was resuspended by homogenization (3 strokes) in
a volume of NaHCO; equal to one-half the original liver weight. Then to this mixture
exactly 5.5 vol. of 70.7 %, sucrose was added, mixed, and then distributed (16 ml) into
Spinco 30 rotor centrifuge tubes. Over this suspension were layered 8 ml of 48.2%,
and 4 ml of 42.59 sucrose. After centrifugation at 66 000 x g for 60 min, the
grayish-white material which accumulated at the 42.59,/48.2 9, sucrose interface was
removed and washed 3 times with 40 ml of | mM NaHCO; buffer. Membrane adenyl-
ate cyclase activity was stable to storage in 1 mM NaHCO, at —70 °C for at least
one month™,

Adenylate cyclase activity determination

Adenylate cyclase activity was determined with a 10-min reaction period at
37 °C, essentially as described by Johnson and Sutherland [9]. Cyclic AMP (adenosine-
3":5'-monophosphate) production was linear with respect to protein concentration
and with time up to 10 min. The cyclic AMP formed was purified by cation exchange
(BioRad AGS50-X8 100-200 mesh, H+ form) chromatography and the amount of
cyclic nucleotide was determined by the protein kinase binding assay [13].

Adenylate cyclase dispersion

In general, liver plasma membranes (protein concentration about 2 mg/ml)
were incubated at 0 °C for 15 min with 10 mM NaF. Detergent (usually Lubrol-PX)
was then added to a final concentration of 0.39(. This mixture was incubated for a
further 10 min at 0 °C and then centrifuged at 38 000 x g for 60 min at 0-4 °C. The
resulting supernatant fraction contained detergent-dispersed adenylate cyclase activity
which was stable (decrease of 0 to 209%,) if stored at 4 °C for 24 h. Variations in this
procedure are described in the results.

AT Pase activity and protein determination

Membrane ATPase activity was determined essentially according to Sugino
and Miyoshi [14]. Protein was estimated by the method of Lowry et al. [15] with
appropriate correction being made for the interference by reagents in the homogen-
izing medium, especially the detergents.

Materials
The protein kinase used in the binding assay for cyclic AMP was prepared

* This plasma membrane preparation has been characterized in terms of enzyme markers {23]
and is similar to that of Song et al. [12]. The preparation contained an adenylate cyclase activity of
about 0.2 to 0.5 nmole (10 min)~! (mg protein)~! which was stimulated about 15-fold by 107 M
glucagon, 5- to 10-fold by 10 mM NaF, and 2- to 3-fold by 0.1 mM GTP [23].
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from beef muscle essentially according to published procedures [13, 16]. Lubrol-PX
was a gift of ICI America, Stanford, Connecticut. Lubrol-WX was a gift of Dr E. J.
Landon. The other detergents were obtained as follows: Triton X-100 from Research
Products International, Triton X-114 from Rohm and Haas, sodium dodecylsuifate
from Sigma, Brij-35 from Technicon, and deoxycholate from Mallinckrodt. Cyclic
[G-*H]AMP (24 Ci per mmole) was obtained from New Englamd Nuclear Corp.
Dithiothreitol was from Calbiochem and glycylglycine buffer and crystallized-lyophil-
ized bovine serum albumin were from Sigma.

RESULTS

The effect of F~ on cyclase stability and dispersion

From the work of others [7, 10, 17-19] it was apparent that F~ could exert a
stabilizing effect on adenylate cyclase activity derived from several sources. In experi-
ments of our own, when rat liver plasma membrane adenylate cyclase was preincu-
bated at 37 °C for 40 min in | mM NaHCOQO,, pH 7.4, greater than 909, of the initial
activity was lost. This loss was partially prevented by the inclusion of 10 mM NaF in
the preincubation medium and was completely prevented by the addition of both NaF
and 5 mM MgSO, (Fig. 1). MgSO, alone was without effect. Since F~ exerted a
protective effect against the heat-inactivation of membrane adenylate cyclase it was
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Fig. 1. Heat inactivation of adenylate cyclase of intact and detergent-dispersed liver plasma mem-
branes. Intact membranes were prepared as described under Experimental Procedure. 1-ml aliquots
of these membranes were preincubated at 37 °C, at a protein concentration of 2.2 mg/ml, alone
(Q---- Q), in the presence of 10 mM NaF (M—m), 5 mM MgSO, (A------ /), or both 10 mM
NaF and 5 mM MgSO, (A—A4). Detergent-dispersed plasma membranes were prepared as described
under Experimental Procedure with 0.3% Lubrol-PX, 10 mM NaF, and 50 mM glycylglycine, pH
7.5. Dispersed membranes were preincubated without additions (@ — —@) at 37 °C and a protein
concentration of 1.6 mg/ml. At the times indicated 50-ul aliquots were taken from each preincubation
tube and the adenylate cyclase activity determined. In each case, activity was determined in the pres-
ence of 4 mM ATP, 4 mM MnSO,, 0.5 mM MgSO,, and 1 mM NaF. The reaction was for 10 min
at 37 °C and was initiated by the addition of the preincubated enzyme. Values represent the average
of duplicate cyclase determinations.
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Fig. 2. Effect of NaF on the detergent-dispersion of plasma membrane adenylate cyclase. Plasma
membranes were prepared and dispersed as described in Experimental Procedure with 0.3 %, Lubrol-
PX in the presence of NaF at-the concentrations indicated. The preparations were assayed with 8§ mM
MgSO, or 4 mM MnSO, and with 4 mM ATP. The enzyme preparation constituted 109 of the reac-
tion volume, thereby diluting detergent and F~ 10-fold. Values were derived fiom duplicate incuba-
tion. Divalent cation was not present during the dispersion. NaF concentration was 2 mM in all
cases during the assay for adenylate cyclase activity.

of interest to ascertain if it could exert a similar protective effect against the inactiva-
tion that was associated with attempts to solubilize the enzyme [3].

Fig. 2 illustrates the effect of NaF concentration on the Lubrol-PX-dispersion of
rat liver plasma membrane adenylate cyclase. From other experiments (c.f. Fig. 3) it
was determined that 4 mM Mn?+ or 8 mM Mg?* resulted in maximal enzyme activity
in the presence of 4 mM ATP. The activity of the dispersed enzyme assayed in the
presence of Mn2+ was from 2 to 4 times that measured with Mg?+. The F~ concentra-
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Fig. 3. Effect of cations on liver plasma membrane adenylate cyclase. Intact and detergent-dispersed
membranes were prepared as described in Experimental Procedure and then assayed in the presence
of 4 mM ATP at the cation concentrations indicated. Protein concentrations was 400 ug/ml for intact
membranes and 120 ug/ml for dispersed membranes. Values represent the mean +S.E. from three
incubations.
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tion in the dispersing medium which elicited maximal activity of the dispersed cyclase
was about 10 mM when assayed with Mg?* and about 4 mM when assayed with
Mn?+,

When detergent-dispersed adenylate cyclase was incubated at 37 °C in 1 mM
NaHCO; and 10 mM NaF for 40 min over 90 % of the initial activity was lost (Fig. 1).
If the detergent-dispersed enzyme was incubated at 37 °C for 20 min with MgSO,
(5 mM) and NaF (10 mM) no activity was lost (data not shown).

The effect of detergents on the dispersion of adenylate cyclase

When the concentration of Lubrol-PX was varied, the most adenylate cyclase
activity was dispersed from plasma membranes with about 0.3 9, detergent (Table I).
Other detergents were compared at this concentration. The ionic detergents deoxy-
cholate and sodium dodecylsulfate both were ineffective in dispersing activity in the

TABLE I

EFFECT OF DIFFERENT DETERGENTS ON DISPERSION OF PLASMA MEMBRANE
ADENYLATE CYCLASE

50 4] of each preparation was assayed for adenylate cyclase activity in a 500-u! incubation system.
The values in this table and Table IT represent activity per tube. Each preparation was prepared as
described in Experimental Procedure in the section on Adenylate Cyclase Dispersion. Lubrol-PX at
high concentrations interfered with the Lowry protein determination. Detergent concentrations were
w/v or v/v as appropriate. Membranes were dispersed either with or without NaF (10 mM). In all
cases, the final concentration of NaF in the assay for cyclase was 1 mM.

Detergent (%) Cyclase activity Protein (mg/ml)
(pmoles cyclic AMP per 10 min)
- NaF +NaF —NaF +NaF
(10 mM) (10 mM)
Original membranes 18.2 + 0.1 89.2 + 12.1 1.81 —
Lubrol PX 0.03 3.0 + 0.4 8.2 & 1.1 0.63 0.43
0.1 62+ 04 692453 0.93 0.48
0.3 57 4+0.5 772 + 6.1 1.05 0.55
1.0 7.1 +£ 0.4 61.1 + 3.3 1.52 0.88
3.0 43 4+ 0.2 21.2 423 - —
Brij-35 0.3 0 0 1.05 0.87
Triton X-100 0.3 5.9 4+ 0.6 442 + 0.9 0.94 0.58
Triton X-114 0.3 6.9 + 0.7 49.2 + 0.9 0.95 0.67
Lubrol WX 0.3 7.0 + 0.8 31.0 + 2.1 1.07 0.61
Deoxycholate 0.3 0 15.1 + 1.1 1.15 1.06

SDS 0.3 0.3 0 1.21 1.09

absence of NaF. Some activity was recovered in the supernatant fraction when deoxy-
cholate plus F~ was used whereas sodium dodecylsulfate plus F~ was totally ineffec-
tive. The most cyclase activity was dispersed with the nonionic detergent Lubrol-PX.
Triton-X100 and Triton-X114 were less effective. In contrast to the other nonionic
detergents, no activity was recovered with Brij-35.

The inclusion of F~ during the dispersion not only protected adenylate cyclase
activity, but also decreased the amount of “solubilized” protein (Table I). According-
ly, the enzyme specific activity was significantly enhanced by dispersion with F—.
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The recovery of adenylate cyclase activity following dispersion by Lubrol-PX
is represented in Table II. Cyclase activity of intact membranes was stimulated slightly
by preincubation with NaF. Preincubation with detergent alone caused significant
loss of activity though some activity was dispersed. In the presence of NaF and Lubrol-
PX more total activity was recovered (124 + 111) than was initially observed with F~
preincubation alone (107). 479 of the total activity was found in the supernatant
fraction.

TABLE I1

RECOVERY OF ADENYLATE CYCLASE ACTIVITY FOLLOWING DETERGENT DIS-
PERSION

Preincubation, without or with 10 mM NaF as indicated, was at 0 °C for 15 min and was then fol-
lowed by an additional 10 min preincubation at 0 °C without or with 0.3 %, Lubrol-PX as indicated.
Enzyme constituted 109, of the reaction volume, thus diluting agents present during the preincuba-
tion by 10-fold. Pellet and supernatant derived from a 38 000 x g for 60 min centrifugation. The
pellet was resuspended in 1 mM NaHCO; in the original volume.

Preincubation Assay conditions (pmoles cyclic AMP/10 min)
conditions

Pellet Supernatant

Basal 1mMNaF  10mM NaF 1 mM NaF

Control membranes

(no additions) 71 +3 80 +2 235 44 N.D.
Membranes + NaF — 107 + 4 — N.D.
Membranes + Lubrol-

PX — 27 + 2 — 16 + 2
Membranes + NaF

+ Lubrol-PX — 124 4+ 5 — 111 £ 5

N.D., not determined.

Effects of substrate and cation on dispersed adenylate cyclase

The divalent cation dependency of detergent-dispersed and intact membrane
adenylate cyclase was compared and is shown in Fig, 2. In both preparations, with
4 mM ATP as substrate, maximal activity was obtained with 8 mM Mg?+ or 4 mM
Mn?*, and half-maximal activity with about 4 mM Mg?+ or 2 mM Mn?*. At concen-
trations of Mn?* in excess of 4 mM, activity decreased whereas the activity with 8 and
12 mM Mg+ were comparable. Invariably the maximal activity observed with Mn?+
was greater, usually about 2-fold, than the maximal activity with Mg?+.

Both intact and detergent-dispersed membrane adenylate cyclase preparations
were inhibited 509/ by about 0.3 mM CacCl, in the presence of 4 mM ATP and 8 mM
MgSO, (data not shown).

The apparent Km for ATP of the intact membrane or dispersed enzyme was
about 0.1-0.4 mM in the presence of 8 mM MgSO,. These values are in agreement with
those reported by Rosselin and Freychet [27] for intact liver plasma membranes.
ATP hydrolysis by ATPase activities present in these preparations, was significantly
less in the dispersed membranes than in intact membranes. With 8 mM MgSO, and
4 mM ATP, hydrolysis of ATP ranged between 25 and 35 % of the initial concentration
in intact membranes but was less than 1% in the dispersed preparation. At lower ATP
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concentrations (e.g. 0.1 mM), intact membranes hydrolyzed greater than 709, of the
ATP and the detergent-dispersed preparation hydrolyzed about 20 to 259%.

While the adenylate cyclase from intact membranes was stimulated by gluca-
gon, low concentrations of GTP, and also by NaF, the detergent-dispersed enzyme
was unresponsive to the addition of either glucagon or GTP or to the further addition
of F~ (data not shown).

DISCUSSION

Adenylate cyclase was dispersed from purified rat liver plasma membranes by
a number of nonionic detergents. While the detergent-dispersed enzyme exhibited
some properties similar to the intact membrane enzyme, the characteristic stimulatory
effect of glucagon was not observed in the dispersed preparation. The loss of hormone
sensitivity upon dispersion of the enzyme by detergent is consistent with the observa-
tions of others [1, 4, 5, 20, 21] but it is not clear why this occurs. It may be that deter-
gent disrupts glucagon binding to its receptor, although this appears less likely in
view of recent reports [22, 24], indicating that glucagon binds to proteins in detergent
dispersed preparations. Perhaps the more likely explanation is that in the presence
of F~ the detergents disperse and cause the physical separation of both the “receptor”
and the active catalytic moiety of adenylate cyclase.

The dispersion of adenylate cyclase from the partially purified liver plasma
membranes was facilitated by the stabilization of the enzyme by F~ in the presence of
detergent. This requirement for fluoride is apparently unique to the solubilization of
kidney and liver plasma membrane cyclase [7, 8] and has not been observed by others
working with other preparations [1, 5, 6,9, 10]. The stabilization by F~ was also
associated with an increase in the enzyme specific activity which was greater than either
the basal or F~-stimulated activity of intact membranes. F~ acts in two apparently
distinct manners in this regard. First, it diminished the amount of protein dispersed
by the detergents. Second, it increased the activity of the enzyme in the absence of
ATP or cation in a manner which was unaffected by the subsequent addition of deter-
gent. This latter observation would be consistent with the idea that F~ acts by an
essentially irreversible deinhibition of the enzyme. It remains to be determined whether
or not the “inhibited” form of the enzyme exists as a “phospho”-form [25] and also
if F~ stimulates adenylate cyclase by a direct action on the enzyme or by an action
at some other interrelated site (or sites) [9, 26].

The use of purified membrane preparations from which the adenylate cyclase
can be dispersed by detergent should aid in the purification of the enzyme and may
aid in the elucidation of those mechanisms by which F~ and hormones modulate its
activity.
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