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ABSTRACT

We have implemented a yeast genetic selection developed
previously by our laboratory to identify mutant mammalian type
V adenylyl cyclases insensitive to inhibition by G;, One muta-
tion isolated was localized to the first cytoplasmic domain at a
Phe residue (position 400), which is conserved in all nine iso-
forms of membrane-bound mammalian adenylyl cyclase. Bio-
chemical characterization of the F400Y mutant revealed a dra-
matic conversion of the G, response from inhibitory to
stimulatory. This mutation results in additional activating ef-
fects. The mutant exhibits an enhanced sensitivity toward ac-
tivation by either G, or forskolin. Synergism between G, and
forskolin is not observed for the F400Y mutant, presumably

because the mutant already is in the sensitized state. Addition-
ally, an enhancement of the basal unstimulated activity was
observed. This mutation, which is the first demonstration of an
activating point in a mammalian adenylyl cyclase, mimics a
sensitized conformation of the wild-type enzyme that underlies
the synergism between stimulatory inputs, and additionally,
removes the inhibitory regulatory input provided by G;,. Be-
cause sensitizing adenylyl cyclase toward its stimulators can
have profound biological implications, this raises the possibility
that naturally occurring mutations resembling those at the
Phe400 residue may be associated with human disease states.

The hormonal regulation of the integral membrane adeny-
Iyl cyclase enzymes is primarily responsible for modulating
intracellular levels of cAMP. Nine isoforms of membrane-
bound mammalian adenylyl cyclase have been identified by
molecular cloning techniques, and the activity of these en-
zymes is regulated by a variety of G protein and non-G
protein inputs in an isoform-specific manner (Sunahara et
al., 1996; Cooper, 1998; Taussig and Zimmermann, 1998). All
membrane-bound adenylyl cyclases consist of a short cyto-
plasmic amino terminus and six transmembrane segments
(called M1) that are followed by a large cytoplasmic domain
of ~200 amino acids (called C1); this motif is repeated in the
second half of the molecule, which contains a second mem-
brane-spanning (M2) and a cytoplasmic (C2) domain.

The structural motifs of adenylyl cyclase responsible for
recognizing and discriminating regulatory molecules and for
catalytic activity are presently being elucidated. Mutagenic
and crystallographic analyses of adenylyl cyclase have un-
covered the binding site for forskolin and G, the two com-
mon stimulators of this enzyme (Tesmer et al., 1997; Yan et
al., 1997; Zhang et al., 1997; Zimmermann et al., 1998a). A
region in the C2 domain of type II adenylyl cyclase (residues
956 to 982) has been shown to bind the G protein By subunits
(Chen et al., 1995), whereas another region of the C1 domain
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of the type I enzyme (residues 495 to 522) appears to be
involved in regulation by calmodulin (Vorherr et al., 1993;
Wu et al., 1993). More recently, the mutagenic analysis of
adenylyl cyclase has indicated that G;, binds to a region of
the C1 domain that is structurally related to the G, -binding
site on the homologous C2 domain (Dessauer et al., 1998). In
addition, the catalytic mechanism of adenylyl cyclase has
been elucidated and appears to involve two Mg2" ions, in
manners analogous to the catalytic mechanisms of DNA poly-
merase (Mitterauer et al., 1998; Zimmermann et al., 1998b).

The characterization of regulatory domains on adenylyl
cyclase has also addressed the molecular mechanisms by
which stimulators of this enzyme promote catalytic activity.
The two cytoplasmic domains of adenylyl cyclase can be ex-
pressed independently and reconstitute catalytic activity
when mixed in vitro (Whisnant et al., 1996; Yan et al., 1996).
The addition of cyclase activators to these domains enhances
their affinity for each other and stimulates enzymatic activ-
ity, although it is unclear how much of a role this plays in
activating the full-length protein in which the two cytoplas-
mic domains are linked. Because the structure of adenylyl
cyclase in the absence of bound stimulators has not been
determined, the precise conformational changes associated
with activation remain unknown. However, certain features
of G, stimulation have been modeled, based on the available
crystal structures of adenylyl cyclase (Tesmer et al., 1997,

ABBREVIATIONS: GTPyS, guanosine 5’-O-thiotriphosphate; WT, wild type.
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Zhang et al., 1997). These models predict that the binding of
G, induces a rotation of the two cytoplasmic domains rela-
tive to each other and alters the positioning of key catalytic
residues at the active site (Skiba and Hamm, 1998; Tesmer
and Sprang, 1998).

An additional level of regulatory complexity is established
by the ability of various adenylyl cyclase isoforms to inte-
grate coincident regulatory inputs. This regulatory property
can be observed when the addition of one activator to adeny-
Iyl cyclase enhances the enzyme’s responsiveness toward ad-
ditional stimulators. Types II and IV adenylyl cyclase, for
example, are only weakly stimulated by G protein By sub-
units, but they show a dramatic increase in activity when the
By heterodimer is added in the presence of G, (Gao and
Gilman, 1991; Tang and Gilman, 1991); these stimulatory
inputs and the interplay among them are regulated further
by the phosphorylation state of these cyclases (Zimmermann
and Taussig, 1996). In addition, G, is able to enhance the
stimulatory effects of Ca®*-calmodulin by promoting a syn-
ergistic activation of the types I and VIII isoforms (Cali et al.,
1994; Wayman et al., 1994). G, and forskolin also display
synergism in the activation of several adenylyl cyclase iso-
forms (Feinstein et al., 1991; Gao and Gilman, 1991; Taussig
et al., 1994b), but they do not superactivate type I adenylyl
cyclase, in spite of the ability of this isoform to respond to
either stimulator individually (Tang et al., 1991). The re-
sponsiveness of specific isoforms of adenylyl cyclase toward
regulators therefore is highly sensitive to the activation state
of the enzyme.

We have described previously the development of a genetic
selection system for the identification of mutant adenylyl
cyclases defective in their regulatory properties (Zimmer-
mann et al., 1998a). This system relies on the expression of
mammalian type V adenylyl cyclase in the budding yeast
Saccharomyces cerevisiae, and has been used to elucidate the
G,,.-binding site on adenylyl cyclase and the role of metal
ions in the catalytic mechanism of this enzyme (Zimmer-
mann et al., 1998a,b). In this report, we have used the yeast
selection system to identify a mutation in adenylyl cyclase
(F400Y) that induces an activated state of the enzyme and
results in an enhanced sensitivity toward cyclase stimula-
tors. We predict that this mutation mimics an activated
conformation of the wild-type (WT) enzyme that underlies
the synergism between stimulatory inputs. The mutation
also results in additional activating effects, eliminating the
inhibition of the enzyme by G, leading instead to a G-

i

dependent stimulation of adenylyl cyclase.

Experimental Procedures

Yeast Strains, Plasmid Construction, and Mutant Selec-
tion. The cyclase-deficient yeast strain TC41-1 (Casperson et al.,
1985) (MAT a, leu2-3, leu2-112, ura3-52, his3, his4, cam1-3, cyrl
A::URA3) was a generous gift of Warren Heideman (University of
Wisconsin, Madison, WI). The construction of an isogenic derivative
of this strain (12229) expressing the rat G, and the construction of
the plasmid pADHprACVLeu encoding the dog type V adenylyl cy-
clase (Ishikawa et al., 1992) were described previously (Zimmer-
mann et al., 1998a). Plasmid pVT100U-G,,; (Q227L) was con-
structed by ligating an Ncol-HinDIII fragment encoding the coding
region of the constitutively active G;,; mutant with the pvVT100U
vector digested with Xhol; before the ligation, these DNA fragments
were blunt-ended by incubation with Klenow DNA polymerase and

deoxy nucleotide triphosphates. This plasmid was introduced into
the 12229 strain to produce the G- and G, -expressing yeast strain
DZ2002-2B. Randomly mutated libraries of plasmid pADHprACV-
Leu were generated by error-generating polymerase chain reaction
mutagenic techniques and have been described previously (Zimmer-
mann et al., 1998a). Procedures for the selection of type V adenylyl
cyclase mutants, characterization of these mutants via DNA se-
quencing, and the retesting of these mutants in yeast were published
previously (Zimmermann et al., 1998a).

Sf9 Cell Culture and Preparation of Cell Membranes. Pro-
cedure for the culture of Sf9 cells and generation and amplification of
recombinant baculovirus encoding both the WT and the mutant-type
V adenylyl cyclase were performed as described previously (Zimmer-
mann et al., 1998a). Sf9 membranes containing individual adenylyl
cyclase isoforms were prepared according to methods published pre-
viously (Taussig et al., 1994a).

Purification of G Protein Subunits. G,, and myristoylated
G;,1 were synthesized in bacteria and purified as described by Lee et
al. (1994). Protein concentrations were estimated by staining with
amido black (Schaffner and Weissmann, 1973). The G protein «
subunits were activated by incubation with 50 mM Na-HEPES (pH
8.0), 5 mM MgSO,, 1 mM EDTA, 1 mM dithiothreitol, and 400 uM
guanosine 5’-O-thiotriphosphate (GTPvS) at 30°C for 30 (G,,) or 120
(G;,) min. Unbound nucleotides were removed by gel filtration in
HMED buffer containing: 20 mM Na-HEPES (pH 8.0), 2 mM MgCl,,
1 mM EDTA, and 3 mM dithiothreitol, as described previously (Gra-
ziano et al., 1989).

Adenylyl Cyclase Assay. Adenylyl cyclase activity was mea-
sured using the procedure by Smigel (1986). All assays were per-
formed for 10 min at 30°C in a final volume of 100 ul containing: 50
mM Na-HEPES (pH 8.0), 500 uM ATP, 0.6 mM EDTA, 3 mM K,
phosphoenolpyruvate, 10 mM MgCl,, 500 uM 3-isobutly-l-methylx-
anthine, 0.1 pg/ul BSA, 1 pg/ul pyruvate kinase, and 20 ug of
membrane protein. Activated G protein a subunits were diluted into
HMED buffer and mixed with membranes before the start of the
assay.

Adenylyl Cyclase Purification and Immunoblotting. WT and
mutant type V adenylyl cyclase proteins were purified from Sf9
membranes using published procedures (Taussig et al., 1993). Sam-
ples were resolved by SDS-polyacrylamide electrophoresis and im-
munoblotted as described (Taussig et al., 1994a), using a primary
rabbit antibody specific for type V/VI adenylyl cyclase (Gao et al.,
1997) as described previously (Zimmermann et al., 1998a).

Data Analysis. Data were analyzed using the GraphPad Prism
(GraphPad Software Inc., San Diego, CA) program to determine
effective concentration (EC;,) values of the dose-response curves.

Results

Yeast (Saccharomyces cerevisiae) require cAMP for growth,
and strains lacking a functional adenylyl cyclase (encoded by
the CYRI locus) are nonviable unless cAMP is added to the
medium (Ishikawa et al., 1988). We have described previ-
ously the development of a genetic selection system for the
identification of mutant adenylyl cyclases with defects in
their regulatory properties that uses a cyri-deleted strain of
yeast (Zimmermann et al., 1998a). We reasoned that we may
be able to use this yeast selection system to identify adenylyl
cyclase mutants with defects in their inhibition by G;,. As
indicated in Fig. 1, expression of mammalian type V adenylyl
cyclase in the cyri(—) strain allows the yeast to grow in the
presence of cyclase activators (forskolin or G_,). The yeast are
unable to grow in the absence of activators or when the
inhibitory G protein (G;,;) is coexpressed, presumably be-
cause of the low catalytic activity of the cyclase under these
conditions.
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By selecting for transformants that grow in the presence of
both G, and G;,, mutant cyclases isolated are likely to
encode proteins that are insensitive to inhibition by G,,.
Alternatively, we may isolate mutations that result in ele-
vated catalytic activities and, thus, satisfy the yeast’s re-
quirement for cAMP, even when the cyclase activity is re-
duced by G;,. By screening a library of randomly mutated
type V adenylyl cyclase (complexity = 4 X 10°), we obtained
1.02 X 10° transformants of which 25 were able to grow in
the presence of G,, and G,,; expression. Figure 1B depicts
the growth phenotype of the F400Y mutant, which was iso-
lated twice by this selection. By contrast to the WT enzyme,
this mutant cyclase allowed the yeast to grow in the presence
of G,, and, surprisingly, in the absence of cyclase activators
as well.

To determine the biochemical basis for both the basal and
G, -insensitive growth phenotypes, we overexpressed the
F400Y mutant in Sf9 cells and used membrane preparations
of these cells to characterize further the effects of this muta-
tion. As indicated in Fig. 2, the mutant cyclase, like the WT,
is activated by both forskolin and G, and, under forskolin-
activating conditions, has a similar K, for substrate MgATP
(75 and 95 uM for WT and mutant, respectively). The F400Y
mutant, however, displayed a significantly elevated basal
activity (13-fold higher than WT) paralleling the yeast
growth phenotype, although this activity was very low rela-
tive to the forskolin- or G, -stimulated activities. In addition,
we found that the F400Y mutant displayed no inhibition in
response to G,,, suggesting that the growth phenotype of
yeast expressing G;, is not simply the result of an elevated
basal activity, but actually attributable to the G, -insensitive
nature of the mutant.

The lack of G,, inhibition observed for the F400Y mutant
was characterized further by measuring the effect of varying
concentrations of G;,; on the G, -stimulated activity of this
enzyme (Fig. 3). By contrast to the strong inhibition seen for
the WT enzyme, increasing the concentration of G, surpris-
ingly stimulated the activity of the mutant enzyme. This
stimulatory effect was observed at slightly higher concentra-
tions of G, than those required to inhibit the WT enzyme and
also was observed for the forskolin-stimulated enzyme (data
not shown). Boiling the G, protein for 10 min eliminated

jren

both stimulatory and inhibitory effects, indicating that nei-
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Fig. 1. Growth phenotypes of yeast expressing WT and mutant adenylyl
cyclase. Growth characteristics of wild type (WT) or mutant (F400Y) type
V adenylyl cyclase constructs were evaluated under the following condi-
tions: addition of 2 mM cAMP to the medium (cAMP), no regulator
(Basal), addition of 100 uM forskolin to the medium (+Fsk), coexpression
of G, (+G,,), coexpression of G,,, and G,,; (+G,, +G;,). Growth was
assessed in yeast strain TC41-1 (for basal- or forskolin-stimulated con-
ditions), isogenic yeast strains 12229 (G, -stimulated condition), or
DZ2002-2B (G;, inhibition of G, -stimulated condition); growth in the
presence of cAMP was observed in all three strains (only TC41-1 is
shown).

ther was attributable to buffer components in the G,, prep-
aration (data not shown). It was shown previously that high
concentrations of G,, can have modest stimulatory effects on
other isoforms of adenylyl cyclase and that this stimulation
was proposed to be attributable to the binding of G;, to the
stimulatory G,, site on adenylyl cyclase (Taussig et al.,
1994b). Thus, it seemed possible that the F400Y mutation
alters the G,,-binding site in a manner that allows G;, to
bind to this site better and thereby activate the cyclase. Such
a model appeared unlikely because the Phe400 residue is not
located near the G, -binding site (see below), although it
remained possible that the mutation may exert its effects on
the G, site via more global conformational changes.

If the stimulation of the F400Y mutant by G, is attribut-
able to the binding of G, to an altered G, site, saturating
concentrations of G, should eliminate the stimulation of the
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Fig. 2. Regulatory properties of WT and mutant type V adenylyl cyclase.
Membranes from Sf9 cells expressing the WT (A) or the F400Y mutant
(B) were assayed for adenylyl cyclase activity in the presence of the
indicated regulators. No activator (Basal), 100 uM forskolin (Fsk), 100
nM G,, (G,,), 100 nM G,,, and 1 uM G,,, (G, +G;,). Activities are
expressed as nmol min~!-mg ! and have been normalized to reflect
differences in mutant expression level reported in Table 1. Assays were
performed in duplicate (bars, S.D.), and results are representative of at
least three experiments.
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enzyme by G;,.. As shown in Fig. 4, the stimulation of the
F400Y mutant by G;, does occur at saturating concentrations
of G, indicating that this stimulatory effect is not attribut-
able to the binding of G;, to the G, -binding site of the
enzyme. Consistent with this is our observation that G, fails
to stimulate the F400Y mutant in the presence of both G,
and forskolin (data not shown), conditions in which G, inhi-
bition is also not seen for the WT cyclase (Dessauer et al.,
1998). The data also demonstrates that G;, is unable to
stimulate the mutant enzyme in the absence of G,,. Stimu-
lating effects by G;, on the mutant also were observed when
forskolin was used as the activator, indicating that it is the
enzyme activation, and not G, binding per se, that is neces-
sary for the mutant enzyme to respond to G;,,. Therefore, it
seems likely that G, is still binding to the G, -binding site of
the mutant protein, but that this binding results in an acti-
vation of the enzyme instead of the inhibition observed for
the WT enzyme.

In the course of performing the experiments described
above, we noted that the F400Y mutation also appeared to
shift the G,, dose-response curve leftward. This effect is
further illustrated in Fig. 5 and indicates that the mutation
sensitizes the cyclase to G,, stimulation. It was shown pre-
viously that the type V enzyme becomes sensitized to G, in
the presence of forskolin and, thus, it is possible that the
mutant cyclase mimics the forskolin-bound conformation of
adenylyl cyclase. As shown in Fig. 6, the F400Y mutant
displays significant stimulation at much lower concentra-
tions of forskolin than those required to stimulate the WT
enzyme, indicating that the conformation induced by the
mutation is not equivalent to either the forskolin-bound or
the G, -bound states of the WT enzyme. Rather, the muta-
tion appears to induce an activated state of the adenylyl
cyclase that sensitizes the enzyme toward both activators
and enhances its basal activity.

The two activators of type V adenylyl cyclase have been
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Fig. 3. Regulation of WT and F400Y adenylyl cyclase by G;,. Sf9 mem-
branes containing the WT ([J) or mutant (O) adenylyl cyclase constructs
were assayed for adenylyl cyclase activity in the presence of 100 nM G,
and indicated amounts of G,_;. Activities are expressed as percent control
(measured in the absence of added G,,;). Assays were performed in
duplicate (bars, S.D.), and results are representative of at least three
experiments.

shown to stimulate the enzyme in a synergistic manner.
Thus, the addition of one cyclase activator enhances the
sensitivity of the enzyme toward the second stimulator. The
activated state of the F400Y mutant thus may mimic a sen-
sitized conformation that can be induced in the WT enzyme
by the binding of either cyclase stimulator. Alternatively, the
F400Y mutant might be sensitized further by the binding of
an activator. Therefore, we tested whether the mutant ex-
hibits synergism between forskolin and G_,. Whereas the
addition of forskolin to the WT enzyme results in a leftward
shift in the G, dose-response curve (Fig. 7A and Table 1), as
well as an increase in the maximum enzyme activity, the
effects of forskolin and G,, appear to be merely additive for
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Fig. 4. G, stimulates the F400Y mutant by binding to the G, site on the
cyclase. Membranes from Sf9 cells expressing the WT (A) or the F400Y
mutant (B) were assayed for adenylyl cyclase activity in the presence of
indicated amounts of G,,, either in the absence (open symbols) or pres-
ence (solid symbols) of 1 uM G,,,. Activities are expressed as
nmol min~!-mg~! and have been normalized to reflect differences in
mutant expression level reported in Table 1. Assays were performed in
duplicate (bars, S.D.), and results are representative of at least three
experiments.
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the F400Y mutants (Fig. 7B and Table 1). The same behavior
was observed when the synergism between stimulators was
tested by evaluating the effect of G, on the forskolin dose-
response curve (data not shown). The EC,, values presented
in Table 1 indicate that the F400Y mutant displays the same
sensitivity toward G, (43 nM) as does the forskolin-stimu-
lated WT enzyme (42 nM), indicating that the partially acti-
vating conformation induced by the F400Y mutation is very
similar to the sensitized state of the WT enzyme in the
presence of cyclase activators. However, the F400Y mutation

12.5
O WT
10
O F400Y
2 7.5 7
2
< 5-
2.5
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° -~ "2828288E¢g
— o O O
— o
[Gsa] nM

Fig. 5. F400Y mutant adenylyl cyclase is sensitized to G, stimulation.
Membranes from Sf9 cells expressing either the WT ([J) recombinant type
V adenylyl cyclase or the F400Y mutant (O) were assayed for adenylyl
cyclase activity in the presence of indicated amounts of G,,. Activities are
expressed as nmol min~*-mg ! and have been normalized to reflect
differences in mutant expression level reported in Table 1. Assays were
performed in duplicate (bars, S.D.), and results are representative of at
least three experiments.
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Fig. 6. F400Y mutant adenylyl cyclase is sensitized to forskolin stimu-
lation. Sf9 membranes containing the WT ((J) or F400Y mutant (O)
adenylyl cyclase constructs were assayed for adenylyl cyclase activity in
the presence of indicated concentrations of forskolin. Activities are ex-
pressed as nmol min~'-mg ! and have been normalized to reflect dif-
ferences in mutant expression level reported in Table 1. Assays were
performed in duplicate (bars, S.D.), and results are representative of at
least three experiments.

has the unique property of sensitizing adenylyl cyclase with-
out inducing substantial levels of basal enzymatic activity.

Discussion

Our studies demonstrate that the F400Y substitution pro-
motes an activated state that alters the responsiveness of
type V adenylyl cyclase toward both stimulatory and inhibi-
tory regulators. The Phe400 residue is conserved across the
nine isoforms of mammalian adenylyl cyclase, and inspection
of the structure of the adenylyl cyclase catalytic core reveals
that this residue does not form part of the binding sites for
Ggo Gia, or forskolin (Fig. 8A). Closer inspection reveals that
this residue is part of the a1 helix in the C1 domain and is in
close proximity to critical catalytic residues at the active site
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0 ¥ T ] T T
= — = o o o
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Fig. 7. F400Y mutant lacks synergistic activation by forskolin and G,,..
Sf9 membranes containing the WT (A) or F400Y mutant (B) adenylyl
cyclase constructs were assayed for adenylyl cyclase activity in the pres-
ence of varying amounts of G, either in the absence (open symbols) or
presence (solid symbols) of 50 uM forskolin. Activities are expressed as
nmol min~!-mg~! and have been normalized to reflect differences in
mutant expression level reported in Table 1. Assays were performed in
duplicate (bars, S.D.), and results are representative of at least three
experiments. The indicated curves were fit to a sigmoidal dose-response
using GraphPad Prism.
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of the enzyme (Fig. 8B). The mutagenic analysis of adenylyl
cyclase has targeted other residues on this short ol helix
with no apparent effect on the stimulation by G, or inhibi-
tion by G;, (Dessauer et al., 1998), indicating further that
this helix is not involved directly in the binding of G, or G,,.

Phe400 forms a hydrophobic pocket that includes I1e397,
Leu403, Leu412, and Leu416. The substitution of Tyr for the
Phe at position 400 does not disrupt this hydrophobic pocket;
rather, the hydroxyl group of the Tyr residue is predicted to
hydrogen-bond with the carbonyl group of Gly439 (type V
numbering) and the N7 amine of Asn1025 (type II number-
ing). These residues occur on the a4 helix (C2 region) and the
B2B3 hairpin loop (C1 region) that position the essential
catalytic residues Arg1029 and Asp440 (Fig. 8B). We believe

TABLE 1
Properties of F400Y mutant expressed in Sf9 cells

Expression levels of active type V adenylyl cyclase mutants in Sf9 membrane prep-
arations were determined by Western blotting and are reported as the percent of WT
expression level. As described previously (Zimmermann et al., 1998a), relative ex-
pression levels were calculated by determining the activity of the membrane prep-
arations and dividing this value by the specific activity of the WT and mutant
enzymes. First, purified WT or mutant adenylyl cyclase protein (equivalent activi-
ties) were quantified by Western blot analysis to calculate the specific activity of the
mutant relative to the WT enzyme. Relative specific activity = (catalytic activity
loaded on Western blot)/(optical density of cyclase band as % of WT). Next, expres-
sion levels were calculated by dividing the activity of Sf9 membrane preparations by
the specific activity of the WT and mutant enzymes. Relative expression level =
(catalytic activity of Sf9 membranes)/(relative specific activity of mutant cyclases).
Data represent the average of four experiments. The ECj, values of adenylyl cyclase
Gy, and Gy, (+Fsk) stimulation were derived from experiments represented in Fig.
7.

Expression Gy, EC5g Gy, (+Fsk) EC5q
% of WT' nM nM
WwT 100 260 (=6) 42 (£5)
F400Y 87 (x19) 43 (x15) 52 (+16)
Gsa

Gia '
Binding Site  F400Y

that the net result of these new interactions is the narrowing
of the catalytic cleft by altering the positioning of the a4 helix
and the B2B3 hairpin loop, and reducing the distance be-
tween the pair of C1 aspartates (positions 396 and 440) and
Argl1029, therefore optimizing the positioning of these key
catalytic residues relative to the substrate.

The F400Y mutant is characterized by an enhanced level of
basal activity and a higher sensitivity toward both G,, and
forskolin. It is likely that the narrowing of the catalytic cleft
underlies all of these properties, because it resembles the
proposed mechanism by which G, activates adenylyl cyclase
(Skiba and Hamm, 1998; Tesmer and Sprang, 1998). Because
a sensitized conformation of the enzyme in the presence of
either activator promotes the synergistic stimulation of ad-
enylyl cyclase by the other activator, the F400Y mutant may
assume a conformation similar to the stimulator-bound cy-
clase. Synergism between G, and forskolin is not seen for
the F400Y mutant, presumably because the mutant already
is in the sensitized state before the binding of the first acti-
vator.

At this time, it is unclear exactly how these added inter-
actions might reverse the inhibitory effect of G;,. However, it
is tempting to speculate that the hydrogen bonds will restrict
the proposed movement of the a1l helix in response to G;,
binding (Dessauer et al., 1998), and almost certainly alter the
G, -bound conformation of the active site by promoting a
more favorable positioning of the key catalytic moieties.

The type V F400Y mutant has the striking property of
sensitizing adenylyl cyclase without inducing substantial
levels of basal enzymatic activity. It is now clear that sensi-
tized conformations of adenylyl cyclase can be induced under
various conditions in an isoform-specific manner. For exam-

B

Fig. 8. Location of F400Y mutant in adenylyl cyclase structure. A, a structural representation of the heterodimer of the C1 domain of type V adenylyl
cyclase (yellow) and the C2 domain of the type II isoform (gray) are shown. Residues that make up the G, -binding site are depicted in red, whereas
those involved in the binding of G;, are shown in blue. ATP (green), the mutant Tyr residue at position 400 (magenta), and two catalytic magnesium
ions (black) are depicted in their approximate positions. B, detailed view of mutant Tyr residue at position 400. Color scheme for ATP, magnesium ions,
and C1 and C2 domains is same as in A. Atoms of key catalytic residues (D396, D440, R1029) and residues predicted to interact with mutant Tyr
residue (G439, N1025) are depicted as small spheres colored yellow (carbon), blue (nitrogen), and red (oxygen). Putative hydrogen bonds are indicated

by broken lines. See text for additional discussion.
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ple, forskolin and G,, activate synergistically most adenylyl
cyclase isoforms; however, their effect on the type I isoform is
merely additive. Phosphorylation by protein kinase C will
induce a sensitized conformation of the type II enzyme that
displays an enhanced sensitivity for G, but does not alter
the basal activity of the cyclase substantially (Zimmermann
and Taussig, 1996); type V is also phosphorylated by protein
kinase C, but this leads to a direct elevation of basal activity
(it was not determined whether the sensitivity toward acti-
vators also was affected) (Kawabe et al., 1994). These data
indicate that the conformational changes leading to high
levels of catalytic activity are distinct from those that sensi-
tize the enzyme to stimulators, and both are critical in de-
termining the regulatory properties of this family of en-
zymes. Our current study is the first to demonstrate that
mutations in mammalian adenylyl cyclases likewise can al-
ter the conformation of the enzyme and thus lead to sensiti-
zation toward activators.

Recent reports indicate that sensitized states of adenylyl
cyclase may play important roles in a variety of physiological
and pathophysiological conditions. Chronic activation of recep-
tors coupled to G proteins of the G; class can lead to an adenylyl
cyclase superactivation on withdrawal of the inhibitory agonist.
This effect is thought to play a role in the development of opiate
tolerance and dependence as a result of prolonged exposure to
opiate drugs (Avidor-Reiss et al., 1995). It seems likely that the
cyclase superactivation is the result of a sensitized conforma-
tion of adenylyl cyclase, because the basal activity of the en-
zyme is not altered significantly by the opioid treatment, but
the enzyme appears to become more sensitive to activation.
Similarly, prolonged exposure to dopamine or muscarinic ago-
nists also results in a higher sensitivity of the cyclase to fors-
kolin and an enhanced responsiveness to G, (Thomas and
Hoffman, 1996; Watts and Neve, 1996). These effects are cy-
clase isoform-specific, and are likely mediated by a phosphory-
lation of the cyclase (Watts and Neve, 1996; Avidor-Reiss et al.,
1997; Varga et al., 1999). These reports demonstrate that sen-
sitizing adenylyl cyclase toward its stimulators can have pro-
found biological implications and raise the possibility that nat-
urally occurring mutations resembling those at the Phe400
residue may be associated with human disease states.

Acknowledgments

We thank Dr. R. Green for the rabbit antibody specific for type
V/VI adenylyl cyclase; Dr. J. Stuckey for help with molecular mod-
eling analysis of the adenylyl cyclase structure and figures; and Drs.
R. Neubig and M. Marletta for help with data analysis, thoughtful
discussion, and critical reading of the manuscript.

References

Avidor-Reiss T, Bayewitch M, Levy R, Matus-Leibovitch N, Nevo I and Vogel Z
(1995) Adenylylcyclase supersensitization in p-opioid receptor-transfected Chi-
nese hamster ovary cells following chronic opioid treatment. JJ Biol Chem 270:
29732-29738.

Avidor-Reiss T, Nevo I, Saya D, Bayewitch M and Vogel Z (1997) Opiate-induced
adenylyl cyclase superactivation is isozyme-specific. J Biol Chem 272:5040-5047.

Cali JJ, Zwaagstra JC, Mons N, Cooper D and Krupinski J (1994) Type VIII adenylyl
cyclase: A Ca?"/calmodulin-stimulated enzyme expressed in discrete regions of rat
brain. J Biol Chem 269:12190-12195.

Casperson GF, Walker N and Bourne HR (1985) Isolation of the gene encoding adenyl-
ate cyclase in Saccharomyces cerevisiae. Proc Natl Acad Sci USA 82:5060-5063.

Chen J, DeVivo M, Dingus J, Harry A, Li J, Sui J, Carty DJ, Blank JL, Exton JH,
Stoffel RH, Inglese J, Lefkowitz RJ, Logothetis DE, Hildebrandt JD and Iyengar R
(1995) A region of adenylyl cyclase 2 critical for regulation by G protein By
subunits. Science (Wash DC) 268:1166—-1169.

Cooper DMF (1998) Adenylyl Cyclases. Lippincott-Raven, New York.

Dessauer CW, Tesmer JJ, Sprang SR and Gilman AG (1998) Identification of a Gia
binding site on type V adenylyl cyclase. J Biol Chem 273:25831-25839.

Feinstein PG, Schrader KA, Bakalyar HA, Tang WJ, Krupinski J, Gilman AG and
Reed RR (1991) Molecular cloning and characterization of a Ca®*/calmodulin
insensitive adenylyl cyclase from rat brain. Proc Natl Acad Sci USA 88:10173—
10177.

Gao B and Gilman AG (1991) Cloning and expression of a widely distributed (type
IV) adenylyl cyclase. Proc Natl Acad Sci USA 88:10178-10182.

Gao T, Puri TS, Gerhardstein BL, Chien AJ, Green RD and Hosey MM (1997)
Identification and subcellular localization of the subunits of L-type calcium chan-
nels and adenylyl cyclase in cardiac myocytes. o Biol Chem. 272:19401-19407.

Graziano MP, Freissmuth M and Gilman AG (1989) Expression of Gsa in Esche-
richia coli: Purification and properties of two forms of the protein. J Biol Chem
264:409-418.

Ishikawa T, Matsumoto K and Uno I (1988) Yeast mutants altered in the cAMP
cascade system. Methods Enzymol 159:27-42.

Ishikawa Y, Katsushika S, Chen L, Halnon NJ, Kawabe J and Homcy CJ (1992)
Isolation and characterization of a novel cardiac adenylyl cyclase cDNA. J Biol
Chem 267:13553-13557.

Kawabe J, Iwami G, Ebina T, Ohno S, Katada T, Ueda Y, Homcy CJ and Ishikawa
Y (1994) Differential activation of adenylyl cyclase by protein kinase C isoenzymes.
J Biol Chem 269:16554-16558.

Lee E, Linder ME and Gilman AG (1994) Expression of G protein « subunits in
Escherichia coli. Methods Enzymol 237:146-164.

Mitterauer T, Hohenegger M, Tang WJ, Nanoff C and Freissmuth M (1998) The C2
catalytic domain of adenylyl cyclase contains the second metal ion (Mn?*) binding
site. Biochemistry 37:16183-16191.

Schaffner W and Weissmann C (1973) A rapid, sensitive, and specific method for the
determination of protein in dilute solution. Anal Biochem 56:502-514.

Skiba NP and Hamm HE (1998) How Gsa activates adenylyl cyclase. Nat Struct Biol
5:88-92.

Smigel MD (1986) Purification of the catalyst of adenylate cyclase. J Biol Chem
261:1976-1982.

Sunahara RK, Dessauer CW and Gilman AG (1996) Complexity and diversity of
mammalian adenylyl cyclases. Annu Rev Pharmacol Toxicol 36:461-480.

Tang WJ and Gilman AG (1991) Type-specific regulation of adenylyl cyclase by G
protein By subunits. Science (Wash DC) 254:1500-1503.

Tang WJ, Krupinski J and Gilman AG (1991) Expression and characterization of
calmodulin-activated (type-I) adenylyl cyclase. J Biol Chem 266:8595—8603.

Taussig R, Quarmby LM and Gilman AG (1993) Regulation of purified type-I and
type-1I adenylyl cyclases by G protein By subunits. J Biol Chem 268:9-12.

Taussig R, Tang WJ and Gilman AG (1994a) Expression and purification of recom-
binant adenylyl cyclases in Sf9 cells. Methods Enzymol 238:95-108.

Taussig R, Tang WJ, Hepler JR and Gilman AG (1994b) Distinct patterns of bidi-
rectional regulation of mammalian adenylylcyclases. J Biol Chem 269:6093—6100.

Taussig R and Zimmermann G (1998) Type-specific regulation of mammalian ad-
enylyl cyclases by G protein pathways. Adv Second Messenger Phosphoprotein Res
32:81-98.

Tesmer JJG and Sprang SR (1998) The structure, catalytic mechanism and regula-
tion of adenylyl cyclase. Curr Opin Struct Biol 8:713-719.

Tesmer JJG, Sunahara RK, Gilman AG and Sprang SR (1997) Crystal structure of
the catalytic domains of adenylyl cyclase in a complex with Gsa. GTPyS. Science
(Wash DC) 278:1907-1916.

Thomas JM and Hoffman BB (1996) Isoform-specific sensitization of adenylyl cyclase
activity by prior activation of inhibitory receptors: Role of By subunits in trans-
ducing enhanced activity of the type VI isoform. Mol Pharmacol 49:907-914.

Varga EV, Stropova D, Rubenzik M, Waite S, Roeske WR and Yamamura HI (1999)
Phosphorylation of adenylyl cyclase VI upon chronic 5-opioid receptor stimulation.
Eur J Pharmacol 364:R1-R3.

Vorherr T, Knopfel L, Hofmann F, Mollner S, Pfeuffer T and Carafoli E (1993) The
calmodulin binding domain of nitric oxide synthase and adenylyl cyclase. Biochem-
istry 32:6081-6088.

Watts VJ and Neve KA (1996) Sensitization of endogenous and recombinant adenyl-
ate cyclase by activation of D2 dopamine receptors. Mol Pharmacol 50:966-976.

Wayman GA, Impey S, Wu Z, Kindsvogel W, Prichard L and Storm DR (1994)
Synergistic activation of the type I adenylyl cyclase by Ca®?* and Gs-coupled
receptors in vivo. J Biol Chem 269:25400-25405.

Whisnant RE, Gilman AG and Dessauer CW (1996) Interaction of the two cytosolic
domains of mammalian adenylyl cyclase. Proc Natl Acad Sci USA 93:6621-6625.

Wu Z, Wong ST and Storm DR (1993) Modification of the calcium and calmodulin
sensitivity of the type I adenylyl cyclase by mutagenesis of its calmodulin binding
domain. J Biol Chem 168:23766—23768.

Yan SZ, Hahn D, Huang ZH and Tang WJ (1996) Two cytoplasmic domains of
mammalian adenylyl cyclase form a Gsa- and forskolin-activated enzyme in vitro.
J Biol Chem 271:10941-10945.

Yan SZ, Huang ZH, Rao VD, Hurley JH and Tang WJ (1997) Three discrete regions
of mammalian adenylyl cyclase form a site for Gsa activation. J Biol Chem
2172:18849-18854.

Zhang GY, Liu Y, Ruoho AE and Hurley JH (1997) Structure of the adenylyl cyclase
catalytic core. Nature (Lond) 386:247-253.

Zimmermann G and Taussig R (1996) Protein kinase C alters the responsiveness of
adenylyl cyclases to G protein « and By subunits. o Biol Chem 271:27161-27166.

Zimmermann G, Zhou D and Taussig R (1998a) Genetic selection of mammalian
adenylyl cyclases insensitive to stimulation by Gsa. o/ Biol Chem 273:6968—-6975.

Zimmermann G, Zhou D and Taussig R (1998b) Mutations uncover a role for two
magnesium ions in the catalytic mechanism of adenylyl cyclase. J Biol Chem
273:19650-19655.

Send reprint requests to: Dr. Ronald Taussig, Department of Biological
Chemistry, The University of Michigan Medical School, Ann Arbor, MI 48109-
0636. E-mail: taussig@umich.edu

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

