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Regulation of Adenylyl Cyclase Isoforms by N-Alkanols
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Abstract We examined the effect of n-alkanols on adenylyl cyclase isoforms (types Il and V) overexpressed in
insect cells. Ethanol stimulated the type Il isoform but not the type V isoform. Ethanol stimulated type 1l adenylyl cyclase
greater than GTPyS, and the treatment of the membrane with GDPBS or cholera toxin did not affect this stimulation.
Other n-alkanols inhibited type V adenylyl cyclase activity in proportion to their lipophilic potency. In contrast, type Il
adenylyl cyclase was stimulated by weakly lipophilic n-alkanols and inhibited by strongly lipophilic n-alkanols. When
solubilized membranes and purified preparations were used, all the n-alkanols inhibited type Il adenylyl cyclase. Our
data suggest that n-alkanols regulated adenylyl cyclase isoform-dependently. Stimulation of the type Il isoform was
independent from the interaction with Gsa but required the presence of an intact membrane structure. Our study may
provide another step to understanding how membrane protein subtypes are differentially regulated by n-alkanols. J. Cell.

Biochem. 66:450-456, 1997.  © 1997 Wiley-Liss, Inc.
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Adenylyl cyclase is a membrane-bound en-
zyme that catalyzes the conversion of ATP to
CAMP, an intracellular second messenger. Nu-
merous reports have indicated that cAMP sig-
naling through G protein—adenylyl cyclase plays
a key role in a variety of signal transduction
pathways [for review see Ishikawa and Homcy,
1997; lyengar, 1993]. Many hormone receptors
are coupled to G protein—adenylyl cyclase, pro-
ducing cAMP and thus initiating cascaded phos-
phorylation reactions to regulate cellular func-
tion. Recent molecular cloning studies of
adenylyl cyclase have elucidated the presence
of multiple isoforms within this enzyme family,
which are distributed among distinct tissues
and cell types. They all share the same mem-
brane topology (i.e., a module of six transmem-
brane spans linked to a large cytoplasmic do-
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main that was tandemly repeated) which is
rather similar to the membrane topology of
transporters or ion channels [Greenberger and
Ishikawa, 1994].

Ethanol and other n-alkanols are known to
regulate the function of various enzymes, includ-
ing ion channels, transporters, and other effec-
tor enzymes [for review see Deitrich et al.,
1989]. Ethanol also regulates cAMP signaling
in cells, although the exact mechanism of this
regulation has been difficult to illustrate [for
review see Hoffman and Tabakoff, 1990]. Etha-
nol may affect the membrane fluidity and thus
alter agonist-receptor, receptor-G protein, or G
protein—adenylyl cyclase coupling. Alternatively, it
may directly affect these protein molecules.

The availability of the potent baculovirus ex-
pression system has allowed investigators to
study the regulation of each adenylyl cyclase
isoform as the dominant positive adenylyl cy-
clase isoform overexpressed in insect cells. Us-
ing this insect cell expression system, investiga-
tors have found that the biochemical properties
of each isoform are strikingly distinctive [Ishi-
kawa and Homcy, 1997; lyengar, 1993]. Direct
regulators of adenylyl cyclase isoforms vary
from simple cation concentration [Pieroni etal.,
1995] to various kinases [Jacobowitz and lyen-
gar, 1994; Kawabe et al., 1994b] and, of course,
G protein subunits [Taussig et al., 1993a, 1994].
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In the present study, we intended to study
the mechanism of n-alkanol action on adenylyl
cyclase using the isoforms (types Il and V)
overexpressed as the dominant positive ad-
enylyl cyclase in insect cells. This study ad-
dresses the following questions. First, do n-
alkanols including ethanol regulate the catalytic
activity of adenylyl cyclase? Second, do the ef-
fects of n-alkanols differ among adenylyl cy-
clase isoforms?

MATERIALS AND METHODS
Membrane Preparations

Type Il (from Dr. R. Reed, Johns Hopkins
University) and type V adenylyl cyclase iso-
forms as well as mammalian Gsa were overex-
pressed in High Five (H5) insect cells (Invitro-
gen, La Jolla, CA) as previously described
[lwami et al., 1995; Kawabe et al., 1994a,b].
Sixty hours after infection, cells were washed
twice with ice-cold phosphate-buffered saline
and homogenized in a buffer containing 50 mM
Tris/HCI (pH 8.0), 1 mM EGTA, 1 mM EDTA, 1
mM dithiothreitol, 200 mM sucrose, and a pro-
tease inhibitor mixture. They were disrupted
with a sonicator and centrifuged at 500g for 10
min at 4°C. The supernatants were further
centrifuged at 100,000g for 30 min at 4°C. The
resultant pellets were resuspended in the same
buffer without EGTA. The crude membrane
preparations were further incubated with 0.8—
1.6% n-dodecyl B-D-maltoside for 1 h at 4°C and
centrifuged at 100,000g for 30 min at 4°C. The
supernatant was used as a solubilized mem-
brane preparation.

Purification of Adenylyl Cyclase

Purification of the two isoforms overexpressed
in insect cells was performed by affinity chroma-
tography as previously described by Taussig et
al. [1993b] and modified by us [lwami et al.,
1995; Kawabe et al., 1994a,b].

Cholera Toxin Treatment

Membranes were treated with cholera toxin
as previously described [Gill and Woolkalis,
1991].

Adenylyl Cyclase Assay

Adenylyl cyclase activity was measured as
previously described [Ilwami et al., 1995;

Kawabe et al., 1994a,b]. Briefly, reaction mix-
tures were incubated for 20 min at 30°C in the
presence of 20 mM Hepes (pH 8.0), 0.2 mM
EDTA, 0.2 mM dithiothreitol, 0.1 mM ATP, 0.1
mM cAMP, 1 mM creatine phosphate, 8 units/ml
creatine phosphokinase, and 3P-aATP (about
1 pCi/assay tube). Five millimolar MgCl, was
included in the reaction mixture unless other-
wise specified.

RESULTS

Ethanol Stimulates the Type Il Isoform
But Not the Type V Isoform

We examined the effects of ethanol, a com-
mon n-alkanol, on two adenylyl cyclase iso-
forms (types Il and V) in the presence and
absence of forskolin. Ethanol stimulated type 11
catalytic activity in both basal and forskolin-
stimulated conditions (Fig. 1A). Stimulation was
ethanol concentration—dependent and was sig-
nificant at all the concentrations examined (86—
865 mM). In clear contrast, ethanol did not
influence type V catalytic activity. At higher
concentrations, ethanol weakly inhibited this
isoform.

As shown in the Lineweaver-Burk plot analy-
sis in Figure 1B,C, kinetic studies showed that
ethanol changed the Vmax but not the Km in
both isoforms; ethanol increased the Vmax value
of type Il while decreasing that of type V. These
findings suggest that ethanol does not affect the
interaction of the enzyme with the substrate
ATP binding but changes the maximal velocity
of the two isoforms in opposite directions.

Ethanol-Induced Stimulation
Does Not Involve Gsa

It was previously proposed that ethanol
stimulates adenylyl cyclase by enhancing the
association between Gsa and adenylyl cyclase,
leading to the stimulation of adenylyl cyclase
by Gsa in mammalian cells (8). Thus, ethanol
may increase the association between putative
insect Gsa and type Il adenylyl cyclase in our
system, thereby increasing catalytic activity. So
we examined the effect of ethanol in the pres-
ence of various activators and an inhibitor of
Gsa.

The maximum activation of type Il adenylyl
cyclase by insect Gsa was ~30% (Fig. 2A) as
determined in the presence of an increasing
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Fig. 1. Effects of ethanol on types Il and V adenylyl cyclase. A:
Effects on basal and forskolin-stimulated activity. Adenylyl cy-
clase assays were performed in the absence (closed squares,
type II; open squares, type V) or presence (closed circles, type Il;
open circles, type V) of 100 uM forskolin with an increasing
concentration of ethanol. Mean =+ SEM from four to five indepen-
dent assays are shown. *P < 0.05 differences from the values
without ethanol. **P < 0.01 difference from the values without
ethanol. In the absence of ethanol, the basal catalytic activities
were 0.07 = 0.01 nmol/min/mg for the type Il isoform and
0.11 = 0.03 nmol/min/mg for the type V isoform. The forskolin-
stimulated catalytic activities were 0.46 = 0.11 nmol/min/mg
for the type Il isoform and 0.77 + 0.21 nmol/min/mg for the type
V isoform. B,C: Enzyme kinetic studies on type Il (B) and type V
(C) adenylyl cyclase. Adenylyl cyclase assays were performed
with (open circles) or without (closed circles) 865 mM ethanol
in the presence of an increasing concentration of ATP (0.01-0.5
mM). Type II: Km, 91 pM with ethanol, 86 uM without ethanol;
Vmax, 1.52 nmol/min/mg with ethanol and 0.99 nmol/min/mg
without ethanol. Type V: Km, 56 uM with ethanol, 56 pM
without ethanol; Vmax, 1.00 nmol/min/mg with ethanol and
1.31 nmol/min/mg without ethanol. These values were ob-
tained by triplicate determination. Similar data were obtained in
two independent assays.

concentration of GTPyS. Further activation was
achieved only in the presence of coexpressed
mammalian Gsa. In contrast to the weak stimu-
lation by insect Gsa, the activation of type 11
adenylyl cyclase by ethanol was ~80% (Fig.
1A). Thus, ethanol stimulated adenylyl cyclase
more than insect Gsa did. Similarly, cholera
toxin treatment increased the catalytic activity
of type Il adenylyl cyclase by 30%. Ethanol
further stimulated type Il adenylyl cyclase in a
concentration-dependent manner (Fig. 2B). In
the presence of 100 pM GDPRS, ethanol still
stimulated type Il adenylyl cyclase (Fig. 2C).
Thus, neither activation nor inactivation of Gsa
altered the profile of ethanol-mediated stimula-
tion of type Il adenylyl cyclase, suggesting that
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ethanol did not exert its stimulatory effects
through potentiation of the insect Gsa/adenylyl
cyclase association in our system.

Effects of N-Alkanols

We also examined the effect of different n-
alkanols on the catalytic activity of adenylyl
cyclase isoforms. As shown in Figure 3A, all
n-alkanols inhibited the catalytic activity of
type V adenylyl cyclase. The degree of inhibi-
tion correlated directly with the number of car-
bon atoms (i.e., the lipophilic potency) and the
concentration of n-alkanols. This result seemed
reasonable since the number of carbon atoms in
an n-alkanol correlates directly with its ability
to perturb membrane and to bind hydrophobic
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Fig. 2. Effects of Gsa and ethanol on type Il adenylyl cyclase.
A: Stimulation of type Il adenylyl cyclase by insect and mamma-
lian Gsa in the absence of ethanol. Stimulation of type Il
adenylyl cyclase was compared between insect endogenous
Gsa and mammalian Gsa. Membranes were prepared from
either cells overexpressing type Il adenylyl cyclase alone (closed
circles) or cells overexpressing both mammalian type Il adenylyl
cyclase and Gsa (open circles). Adenylyl cyclase assays were
performed in the presence of increasing concentrations of GTPyS
for 15 min at 30°C. Membranes and GTP~S were incubated for
10 min at 30°C prior to assay. Mean = SEM from three indepen-
dent assays are shown. *P < 0.01 difference from the cells
without Gsa coexpression. In the absence of GTPyS, basal
catalytic activities were 0.061 *+ 0.012 nmol/min/mg for control
and 0.460 =+ 0.019 nmol/min/mg for cells overexpressing Gsa.
Coexpression of Gsa did not alter the amount of type 1l adenylyl
cyclase expression. B: Effects of ethanol on type Il adenylyl
cyclase after cholera toxin treatment. After cholera toxin treat-
ment, adenylyl cyclase assays of the membranes overexpressing

type 1l adenylyl cyclase were performed in the presence of increasing concentrations of ethanol (0-865 mM). Mean = SEM from four
independent assays are shown. *P < 0.05 difference from the values without ethanol. **P < 0.01 difference from the values without
ethanol. Catalytic activity of type Il adenylyl cyclase in the absence of ethanol was 0.074 = 0.015 nmol/min/mg. C: Effects of ethanol on
type Il adenylyl cyclase after inactivation of insect Gsa.. Adenylyl cyclase assays of the membranes overexpressing type Il adenylyl
cyclase were performed with 100 uM GDPRS and 100 uM forskolin in the presence of increasing concentrations of ethanol (0-865 mM)
for 15 min at 30°C. Membranes and GDPBS were incubated for 10 min at 30°C prior to assay. Mean = SEM from three independent
assays are shown. *P < 0.05 difference from the values without ethanol. **P < 0.01 difference from the values without ethanol.
Forskolin-stimulated catalytic activity in the absence of ethanol was 0.435 =+ 0.102 nmol/min/mg.

sites of proteins [Deitrich et al., 1989; Franks
and Lieb, 1994].

However, each n-alkanol regulated type Il
adenylyl cyclase differently (Fig. 3B). Weakly
lipophilic n-alkanols (methanol and ethanol)
stimulated this isoform, while strongly lipophilic
n-alkanols (propanol and butanol) inhibited this
isoform in a concentration-dependent manner.
Thus, n-alkanols had dual effects according to the
number of carbon atoms and its concentration.

Thus, the effects of n-alkanols were clearly
different for the two adenylyl cyclase isoforms.
In particular, the dual effects of n-alkanols on
type Il adenylyl cyclase were unexpected and
suggested that mixed mechanisms exist for n-
alkanols to regulate this isoform (i.e., perturba-

tion of the lipid membrane and/or binding to
hydrophobic sites of proteins) [Deitrich et al.,
1989; Franks and Lieb, 1994]. If either stimula-
tion or inhibition of type Il adenylyl cyclase by
n-alkanols was due to perturbation of the mem-
brane by n-alkanols, solubilization of the mem-
brane and thus a loss of an intact membrane
structure should abolish that effect. In addi-
tion, the potency of n-alkanols should become
also correlate directly with the number of car-
bon atoms and concentration.

Effects of N-Alkanols in Solubilized Membranes

When solubilized membrane preparations
were used, n-alkanols became all inhibitory to
both isoforms (Fig. 4A,B); stimulation of the



454 Ebina et al.

¢AMP production
(% of control)

3-A
Type V

100
c
L~
==
o0
S
88
= 0
Q.. 50
n O
=2
< L
o

0 n " "
V] 500 1000

n-Alkanol (mM)

Fig. 3. Effect of n-alkanols on adenylyl cyclase catalytic activ-
ity in crude membrane preparations. A,B: Effect on the type V
(A) and type 1l (B) isoforms. Adenylyl cyclase assays were
performed in the presence of increasing concentrations of metha-
nol (circles), ethanol (squares), 1-propanol (triangles), or 1-buta-
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Fig. 4. Effect of n-alkanols on adenylyl cyclase catalytic activ-
ity in solubilized membranes. A,B: Effect on the type Il (A) and
type V (B) isoforms. Adenylyl cyclase assays were performed in
the presence of 100 mM (closed circles) or 500 mM (open

type Il isoform by n-alkanols disappeared. The
degree of inhibition on both isoforms now corre-
lated directly with the number of carbon atoms
and the concentrations of the n-alkanols. There-
fore, the mechanism of stimulation of the type
Il isoform differed from that of inhibition and
depended upon the presence of an intact mem-
brane structure.

Similarly, the stimulatory effect of ethanol on
the type Il isoform was abolished in solubilized
membranes at all concentrations (Fig. 5), and
ethanol inhibited this isoform. In contrast, the
inhibitory effect on the type V isoforms was
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circles) of methanol, ethanol, 1-propanol, or 1-butanol. Mean *+
SEM from four to five independent assays are shown. *P < 0.05
difference from the values without n-alkanols. **P < 0.01
difference from the values without n-alkanols.

unchanged: it continued to be dependent on the
ethanol concentration. Furthermore, ethanol in-
hibited both isoforms of purified adenylyl cy-
clase in a lipid-free solution (Fig. 6). These data
suggest that ethanol has a direct inhibitory
effect on both isoforms.

DISCUSSION

The regulation of adenylyl cyclase by n-
alkanols occurred in both adenylyl cyclase iso-
form— and conformation—dependent manners,
which most likely resulted from distinct mecha-
nisms of action of n-alkanols on adenylyl cy-
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Fig. 5. Effects of ethanol on adenylyl cyclase catalytic activi-
ties in solubilized membrane preparations. Catalytic activity of
the type Il (closed symbols) and the type V (open symbols)
isoforms was measured in either crude (circles) or solubilized
membrane preparations (squares). Mean * SEM from four inde-
pendent assays are shown. *P < 0.05 differences from the
values without ethanol. **P < 0.01 difference from the values
without ethanol. The catalytic activity of crude membrane
preparations was 0.46 * 0.11 nmol/min/mg (type Il) and 0.77 =
0.21 nmol/min/mg (type V). The catalytic activities of solubi-
lized membrane preparations were 0.28 + 0.06 nmol/min/mg
(type Il) and 1.86 =+ 0.32 nmol/min/mg (type V).

clase isoforms. It is interesting to compare our
findings with those for protein kinase C, an-
other key effector enzyme in cellular signaling
[Slater et al., 1993]: various n-alkanols also
regulated protein kinase C at concentrations
similar to those used in our study.

Importantly, the stimulation of type Il by
ethanol was independent from the interaction
with Gsa. The type Il isoform was sensitive to
ethanol, while the type V isoform was not. Eth-
anol stimulated type Il adenylyl cyclase at all
the concentrations examined (86—865 mM). The
regulatory mechanism of cAMP signaling by
ethanol has been extensively investigated for
many years [for review see Hoffman and Taba-
koff, 1990]; however, the exact target of ethanol
action has been difficult to specify using the
conventional experimental system. Ethanol may
directly affect the protein components: this
mechanism has been difficult to examine be-
cause the three major components within the
cAMP signal (receptor, G protein, and adenylyl
cyclase) are ubiquitously expressed in mamma-
lian cell types. It is technically difficult to exam-
ine a single component without the influence of
each on the others because ethanol may influ-
ence the interaction among the components by
altering the lipid membrane fluidity. The usage
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Fig. 6. Effect of ethanol on the purified adenylyl cyclase.
Catalytic activity of the purified enzyme (closed circles, type II;
open circles, type V) was measured in the presence of increas-
ing concentrations of ethanol. Assays were performed without
an ATP regeneration system. ATP concentration in the assay was
0.2 mM. Specific activities of the purified enzymes were 37.4 =
2.2 nmol/min/mg (type V) and 41.5 =+ 1.8 nmol/min/mg (type II).
Mean = SEM from triplicate determinations are shown. Similar
results were obtained in two separate experiments. *P < 0.05
difference from the values without ethanol. **P < 0.01 differ-
ence from the values without ethanol.

of the H5 insect cell expression system in our
study had a certain advantage over the mamma-
lian cell expression system in this regard. The
endogenous insect Gsa could no longer effi-
ciently activate adenylyl cyclase in H5 cells
(Fig. 2). Therefore, in our expression system,
we could examine the effects of ethanol on
adenylyl cyclase with little interference by Gsa.

The diversity in the regulation of adenylyl
cyclase isoforms may correspond to the differ-
ence in the amino acid sequence between the
two isoforms in our study. The amino acid se-
guence within the transmembrane domains is
poorly conserved; thus, n-alkanols may exert
their effects by changing the membrane proper-
ties and thus conformation of this enzyme. It is
noteworthy that we and others have recently
reported that the activation of type Il adenylyl
cyclase by kinase is modified by the detergent-
induced conformational changes of the adenylyl
cyclase [Ebina et al., 1997; Zimmermann and
Taussig, 1996]. The amino acid sequence in the
cytoplasmic catalytic domains, including clus-
ters of hydrophobic pockets, is well conserved
between type Il and type V adenylyl cyclase.
N-alkanols may bind directly to these areas
and inhibit the enzyme. However, at present,
we do not know the exact site(s) of interaction of
n-alkanols within this enzyme.



456 Ebina et al.

Adenylyl cyclase has the same membrane
topology as transporters and ion channels
[Greenberger and Ishikawa, 1994]. Many of
these molecules are composed of two domains:
the transmembrane domain with a six trans-
membrane spanning structure that forms a tun-
nel for molecular transportation and the cyto-
plasmic domain with ATP binding for catalysis.
Over the years, studies targeting these mol-
ecules have argued whether n-alkanols affect
the molecules by changing the membrane prop-
erties [Harris and Bruno, 1985] or by binding
directly to hydrophobic pockets of the proteins
[Covarrubias et al., 1995; Li et al., 1994]. Our
data suggest that the two mechanisms coexist
for adenylyl cyclase and operate in an isoform-
dependent manner. lon channels and transport-
ers are composed of multiple subtypes, among
which the effects of n-alkanols may differ. In
support of this concept, subtype-specific regula-
tion by n-alkanols has been shown in glucose
transporter [Krauss et al., 1994] and nucleoside
transporter [Krauss et al., 1993].

A recent study using adenylyl cyclase iso-
forms overexpressed in mammalian cells dem-
onstrated that ethanol activated the type VII
isoform via enhancing the interaction between
Gsa and adenylyl cyclase. Our findings and theirs
suggest that ethanol influences the lipid mem-
brane fluidity and, either by changing the confor-
mation of the enzyme or by enhancing the assoc-
iation with Gsa, activates adenylyl cyclase
[Yoshimura and Tabakoff, 1995]. It is notewor-
thy that type VII adenylyl cyclase belongs to
the same subgroup as the type 11 isoform. Thus,
multiple mechanisms may coexist to increase
the intracellular cAMP concentration via a sub-
set of adenylyl cyclase isoforms by ethanol.
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