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Truncation and Alanine-Scanning Mutants of Type I Adenylyl Cyclase®
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ABSTRACT: A variety of truncated constructs of type I and type II adenylyl cyclase have been synthesized
in Sf9 cells using recombinant baculoviruses, as have a number of type I adenylyl cyclases with point
mutations. Truncations indicate that the nonconserved C;, and Cy, domains of adenylyl cyclase are not
necessary for regulation of enzymatic activity by Gy and forskolin. Point mutations demonstrate the
requirement for both of the conserved (and homologous) domains of adenylyl cyclase (C, and Cz,) and
the nonequivalence of these domains. Linkage of certain effects of mutations on the K., for substrate
with alterations of the characteristics of P-site inhibition suggest that ATP and P-site inhibitors may bind
to different conformations of the same site. However, other mutations affected only P-site inhibition.
Although the mutations studied have not permitted assignment of unique functions to the two homologous
domains, they have revealed novel phenotypes that appear to reflect the regulatory complexity of mammalian
membrane-bound adenylyl cyclases, including the possibility of oligomerization of the enzymes.

Complex systems of interacting proteins have evolved to
regulate intracellular concentrations of second messengers
in response to environmental signals. In the case of cyclic
AMP, most of this regulation is directed at the level of
synthesis of the nucleotide from ATP by adenylyl cyclase.
There are three primary components in the most prevalent
pathways for regulation of cyclic AMP synthesis: heptahe-
lical receptors for hormones, neurotransmitters, odorants, and
other regulatory ligands that act at the cell surface; hetero-
trimeric G proteins' (both stimulatory and inhibitory) that
are activated by the receptors; and a growing list of adenylyl
cyclases that are distinguished by their responses to interac-
tions with G protein subunits and other regulators, particu-
larly calmodulin.

cDNAs encoding eight distinct mammalian adenylyl
cyclases have been cloned during the past five years
(Bakalyar & Reed, 1990; Feinstein et al., 1991; Gao &
Gilman, 1991; Ishikawa et al., 1992; Katsushika et al., 1992,
Krupinski et al., 1989, 1992; Premont et al., 1992; Yoshimura
& Cooper, 1993; Cali et al., 1994; Watson et al., 1994). Each
of these isoforms differs in its tissue distribution, abundance,
and regulatory properties (Tang & Gilman, 1992; Iyengar,
1993; Taussig & Gilman, 1994). Each adenylyl cyclase can
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! Abbreviations: G protein, guanine nucleotide-binding regulatory
protein; Gy, the a subunit of the G protein that stimulates adenylyl
cyclase; rGsa—s, the short form of Gy expressed in E. coli; CaM,
calmodulin; Fsk, forskolin; GTPyS, guanosine-5-[y-thio]triphosphate;
GDPJS, guanosine-5’-[3-thio]diphosphate; 2’d-3’AMP, 2’-deoxyad-
enosine 3’-monophosphate; Hepes, 4-(2-hydroxyethyl)- 1 -piperazineethane-
sulfonic acid; kb, kilobase(s); ECsq, the concentration of activator
required for half-maximal stimulation of enzymatic activity; ICso, the
concentration of inhibitor causing 50% inhibition. Mutants Gso(FT)
and G, (CFT) are the same as Gy, mutants LR268,269FT and
WLR263,268,269CFT, respectively (Itoh & Gilman, 1991).

be activated by the G protein a subunit designated Gy, and
the diterpene forskolin, and each can be inhibited by certain
analogues of adenosine (so-called P-site inhibitors). How-
ever, these are the only common major regulatory features.
There are also several subtype-specific regulators, including
the G protein 8y subunit complex, Ca?"—calmodulin, Ca®",
and the o subunits of G;, G,, and G,. Certain of these
regulators (e.g., By) can be either stimulatory or inhibitory,
depending on the adenylyl cyclase. When acting concur-
rently, the effects of regulators can be independent or
interdependent (antagonistic or synergistic).

The eight mammalian adenylyl cyclases and the products
of the rutabaga (Drosophila; Levin et al., 1992) and ACA
(Dictyostelium; Pitt et al., 1992) genes have a similar
structure (designated NM,CM,C,). This includes a short
amino-terminal region (N) and two roughly 40-kDa cyto-
plasmic domains (C; and C,), punctuated by two intensely
hydrophobic stretches (M, and M;); each of the latter is
hypothesized to contain six transmembrane helixes. C, and
C; each contain regions (C, and C;,) that are homologous
to each other, to the catalytic domains of various guanylyl
cyclases, and, to a lesser extent, to the catalytic domains of
simpler adenylyl cyclases from lower organisms.

Comprehension of the structural correlates of the regula-
tory complexity of adenylyl cyclases will be challenging.
To date, we have shown that concurrent expression of both
cytoplasmic domains of type I and type II adenylyl cyclase
is necessary for significant enzymatic activity. We have now
truncated these domains and replaced some of the most
conserved residues within C;, and C,, with alanine to begin
to assess the importance of each cytosolic domain for
regulated catalytic activity. We also present some observa-
tions relevant to the quaternary structure of adenylyl cyclase.

MATERIALS AND METHODS

Materials. The recombinant baculovirus Bac-Pac6 was
purchased from Clontech (Palo Alto, CA). Drosophila
calmodulin was synthesized in Escherichia coli and purified
as described (Maune et al., 1992). ¢DNAs encoding Giq
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mutants with reduced affinities for adenyly! cyclase (Itoh &
Gilman, 1991) were excised from plasmids NpT7-5/G(FT)
and NpT7-5/G(CFT) with Nco I and Hind 111 and trans-
ferred to the same sites of bacterial expression plasmid pQE6
(Lee et al., 1994). The resulting plasmids were transformed
into E. coli BL21-DE3 cells to synthesize the mutant Gsq
proteins. Wild-type and mutant Gy, proteins were purified
as described (Lee et al., 1994). ATPaS, App(NH)p, for-
skolin, and Pansorbin were purchased from Calbiochem
(LaJolla, CA). 2’-Deoxy-3’-AMP was purchased from Sigma
(St. Louis, MO). GTPyS and GDPJS were purchased from
Pharmacia (Piscataway, NJ) and purified by FPLC mono-Q
column chromatography.

Construction of Phages, Plasmids, and Recombinant
Baculoviruses. To produce point mutants, the portions of
the cDNA for type I adenylyl cyclase containing the coding
region for the C, or C, domains were ligated into M13
phages, designated M13-mp18-C; and M13-mp19-C;, re-
spectively. The 1.3-kb Bam H1—Sma 1 fragment was
excised from pSKACIAS58-13 (Tang et al., 1991) and cloned
into the same sites of M13-mp18 to create M13-mp18-C;.
The 1.5-kb Sma I—Pvu Il fragment was excised from
pSKACIAS8-13 and cloned into M13-mp19 (digested with
Sma I). An M13 clone from which the desired fragment
could be excised with Sma I and Xba I was selected (M 13-
mpl9-C,). Oligonucleotides (23mers) used for mutagenesis
contained 10 complementary nucleotides flanking each side
of the target codon, which was replaced by the alanine codon
GCC (for alanine scanning mutagenesis, except for mutant
R979A, where GCT was used), by the appropriate codon
(for mutants V430R, I351T, and R1011K), or by the TGA
terminator codon (for IM;C;M,? and IAC,, at sequences
encoding residues 854 and 1071, respectively). Site-directed
mutagenesis was performed as described by Kunkel et al.
(1987); the desired clones were identified by sequencing.
The mutant designated IM,C,M,C,,, was constructed by
sticky-foot-directed mutagenesis (Clackson & Winter, 1989)
using 45mers with the desired 30-base sequence from the
C, domain and the desired 15-base sequence from the C,
domain of type 1 adenylyl cyclase. The resulting cDNA
encoded a protein that had the C;, domain (residues 838—
1020) of type I adenylyl cyclase replaced by the correspond-
ing region of the C|, domain (residues 267—439).

The 3.5-kb Hind IM-partial Pvu II fragment from
pSKACIAS8-13 was cloned into pBluescript SK™ (digested
with Hind III and Sma I); this plasmid is designated pSKACI-
3S. pSKACI-3S has less than 0.2 kb of noncoding sequence
and has unique Sma I and Stu I sites for ease of shuffling
the mutated fragments back to the full-length type I adenylyl
cyclase cDNA. To transfer the DNA with the desired
mutation in the C, domain, the fragments (digested with Stu
I and Sma I) were excised from M13 RF and cloned into
5.5-kb pSKACI-3S (digested with Stu I and Sma I). Clones
with the correct orientation were selected. The same strategy
was used to transfer cDNAs with the desired mutation in C,
using the enzymes Sma I and Xba 1. Mutations were again
confirmed by double-stranded DNA sequencing. Mutants
D338A/D908A and R398A/K923A, which have mutations
in both the C, and C, domains, were constructed by

? Truncation mutants are designated by the domain(s) included (or
A = deleted) in the constructs, preceded by a roman numeral (I =
type I adenylyl cyclase, II = type II adenylyl cyclase).

Tang et al.

transferring the Sma [—Xba I fragment encoding the mutated
C; domain to the desired cDNA containing the mutation in
the C; domain.

The 3.5-kb ¢cDNAs with the desired mutations (digested
with Hind Il and Xba I) were then transferred to pVL1393
(digested with Sma I and Xba I) (O’Reiley et al., 1992). The
resulting plasmids were cotransfected into Sf9 cells with
baculoviral DNA (AcRP23-LacZ or Bac-Pak®6, digested with
Bsu 36I), and the recombinant viruses were isolated by
plaque purification (O’Reiley et al., 1992). Viruses suitable
for expression of the desired mutant proteins were identified
by immunoblotting of Sf9 cell membrane extracts or by
visualizing the [3*S]methionine-labeled products. Recom-
binant viruses encoding constructs designated INM,;C,,
IM,C5, and IIM,C, have been described previously (Tang
& Gilman, 1991; Tang et al., 1991). For the construction
of mutants INM,C(;_484) and INM,C,(;-s37), the termination
codon (TAG) was placed into M13-mp18-C,, and the cDNA
fragments encoding the C; domain were excised with Stu 1
and Eco Rl and transferred to pVL1393-ACl. The resulting
plasmids were used to construct viruses as described.

Antibodies and Immunoblotting. Antibodies C1-1115 and
C2-1077 were raised against peptides corresponding to the
carboxyl-termini of type I and type II adenylyl cyclases (C1-
1115, CGLAPGPPGQHLPPGASGKEA; C2-1077, TEM-
SRSLSQSNLAS) and purified as described (Tang et al.,
1991). Membranes from Sf9 cells were heated to 80 °C in
the presence of 2% sodium dodecylsulfate and 0.2 mM
dithiothreitol for 5 min; they were then treated with 50 mM
N-ethylmaleimide for 10 min at room temperature prior to
electrophoresis, transfer to nitrocellulose (1 h at 30 V and
14 h at 80 V), and immunoblotting using the ECL system
(Amersham, Arlington Heights, IL).

Expression of Adenylyl Cyclases in Sf9 Cells. Membranes
were prepared from Sf9 cells expressing wild-type and
mutant type I adenylyl cyclases (Tang et al., 1991). Briefly,
cells (109/mL) were infected with the desired baculovirus
(1 plaque-forming unit/cell), harvested after 48—54 h, and
lysed by nitrogen cavitation. After removal of nuclei by
centrifugation, membranes were collected, washed, and
resuspended. Expression of all constructs utilized in this
work was confirmed by immunoblotting or, when necessary,
by biosynthetic labeling with [*S]methionine (data not
shown). Protein concentrations were determined by the
method of Bradford (1976). Adenylyl cyclase activity was
measured in the presence of 10 mM MgCl, as described
(Smigel, 1986). GTPyS-bound G,, was prepared as de-
scribed (Tang et al., 1991). Modulation of adenylyl cyclase
activity by GTPyS-Gyq, Ca?"-calmodulin, forskolin, and the
G protein By subunit complex was assayed as described
(Tang et al., 1991). Adenylyl cyclase activity was calculated
by subtracting enzyme activity using Sf9 cell membranes
prepared from cells expressing 3-galactosidase (about 10 or
100 pmol/min/mg protein for assays performed in the absence
or presence of forskolin, respectively) from the value
observed with membranes from Sf9 cells expressing type 1
or mutant adenylyl cyclase. Unless otherwise stated, data
are representative of at least two experiments, and standard
errors of reported values are less than 10%.

Binding of Gy to Sf9 Cell Membranes Containing Adenylyl
Cyclase. [**S]GTPyS-Gy, was prepared by incubating 0.6
UM Gyo—s (synthesized in E. coli) with 1.2 uM [**S]GTPyS
for 1 h at 30 °C in 20 mM NaHepes (pH 8.0), S mM MgSO,,
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1 mM dithiothreitol, and 1 mg/mL bovine serum albumin.
The reaction mixture was then filtered through Sephadex G25
to remove free nucleotide. The Gy, binding assay was
performed by mixing Sf9 cell membranes containing wild-
type or mutant adenylyl cyclase, variable amounts of [3S]-
GTPyS-Gy, and variable amounts of nonradiolabeled GTPyS-
G (or other competitor) in 20 uL of buffer containing 20
mM NaHepes (pH 8.0), 5 mM MgCl,, 1 mM dithiothreitol,
and 100 uM GDPpAS. The reaction mixtures were incubated
at 30 °C for 7—10 min. [¥S]GTPyS-G,, that was not
associated with membranes was removed by filtration
through 0.22 um Millipore Duropore membranes, followed
by washing with 6 mL of 20 mM NaHepes (pH 8.0), 5 mM
MgCl,, and 1 mM dithiothreitol. The amount of labeled
GTPyS-G retained on the filter was determined by scintil-
lation counting. Specific binding was calculated by subtract-
ing binding to Sf9 cell membranes prepared from cells
expressing 3-galactosidase from that observed to membranes
from Sf9 cells expressing adenylyl cyclase.

Immunoprecipitations. Sf9 cell membranes (500 ug) were
solubilized with 0.8% dodecyl maltoside in 125 uL of IP
buffer [20 mM NaHepes (pH 8.0), | mM EDTA, 400 mM
NaCl, 2 mM dithiothreitol, and 20% glycerol]. Soluble
proteins were collected after centrifugation at 100 000g for
30 min. Fixed Staphylococcus aureus bacteria (10 uL of
20% Pansorbin) were added, incubated for 10 min on ice,
and removed by brief centrifugation (12 000 rpm for 2 min).
Affinity-purified antiserum C1—1115 (5 L) and 10 #L of
20% Pansorbin were then added to the supernatants for a
1-h incubation at 4 °C. After centrifugation, the pellets were
resuspended in 100 uL of IP buffer with 0.05% dodecyl
maltoside for enzymatic assay. Adenylyl cyclase activity
was measured in the presence of 10 mM MgCl,, 5 mM
MnCl,, 100 4M forskolin, and 0.05% dodecyl maltoside.

RESULTS

Gy Binding Assay. A binding assay was developed to
detect interaction of activated G, with membranes from Sf9
cells expressing adenylyl cyclase. Binding of [**S]GTPyS-
G, to membranes from cells expressing type I or type II
adenylyl cyclase reached equilibrium in 2—3 min and was
about 5-fold higher than values achieved using membranes
from cells infected with a baculovirus encoding 3-galactosi-
dase (Figure 1A). There was no detectable specific binding
of [**S]GTPyS-Gj,1 (nonmyristoylated; synthesized in E.
coli) to membranes from cells expressing either adenylyl
cyclase or (B-galactosidase (data not shown). The Kj for
binding of [**S]GTPyS-G to membranes containing either
type I or type Il adenylyl cyclase was approximately 10—
20 nM (Figure 1B). These values are similar to the ECsg’s
for activation of these enzymes by GTPyS-G,, (about 25
and 35 nM, respectively; Figure 1E). Forskolin did not alter
the binding of [¥*S]GTPyS-G,, to membranes containing type
I adenylyl cyclase and only slightly enhanced binding to
membranes containing type II adenylyl cyclase (Figure 1B).
The maximal binding of [**S]GTPyS-Gs, to 20 ug of Sf9
cell membranes containing type I or type II adenylyl cyclase
was 90 or 100 fmol, respectively (Figure 1B). This is in
reasonable agreement with concentrations of adenylyl cyclase
(about 170 fmol/20 ug) estimated from the enzymatic
activities of these membranes and the specific activity of
the purified enzymes (Tang et al., 1991; Taussig et al., 1993).
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FIGURE 1: Binding of [¥S]GTPyS-Gy, to Sf9 cell membranes
containing adenylyl cyclases. (A) Time course of binding to
membranes (30 ug) containing type I (O) or type II (@) adenylyl
cyclase or S-galactosidase (a). The concentration of [**]SGTPyS-
Gy was 6 nM. (B) Specific binding of GTPyS-G;, to membranes
(20 pug) of 89 cells containing type I (O,0) or type II (@ W)
adenylyl cyclase. When present (@, @), the forskolin concentration
was 100 4M during the incubation and 10 uM during the washes.
(C) Competition for [**S]GTPyS-G, binding to Sf9 cell membranes
containing type I (open symbols) or type II (closed symbols)
adenylyl cyclase by GTPyS-G;, (O, @), GTPyS-G(FT) (O, W),
or GTPyS-G(CFT) (A, A). The concentration of [**S]GTPyS-
Gy was 1.5 nM. The amount of labeled Gy, bound (to 20 ug of
Sf9 cell membranes) in the absence of competitors was 5.1 and
7.7 fmol for type I and type II adenylyl cyclase, respectively. (D)
Competition for [33S]GTPyS-G, binding to Sf9 cell membranes
containing type I (open symbols) or type II (closed symbols)
adenylyl cyclase by GTPyS-Gy, or GDP-Gy,. The amount of
labeled Gy bound (to 20 ug of Sf9 cell membranes) in the absence
of competitors was 5.5 and 6.1 fmol for type I and type II adenylyl
cyclase, respectively. (E) Activation of type I (open symbols) and
type II (closed symbols) adenylyl cyclase by GTPyS-Gy, or
GDP-Gy,.. The adenylyl cyclase activity of membranes (10 ug)
was measured after 5 min with | mM ATP in the absence of an
ATP regenerating system. Enzyme activity was linear for 6—7
min, GDPSS (50 4M) was included in the assay. Binding of
[¥S]IGTPyS-Gyq and adenylyl cyclase activities were measured
in duplicate, and the data are representative of at least two
experiments.

Two mutants of Gy , Gs(FT) and G4 (CFT), have normal
guanine nucleotide binding properties but only 10% and 1%,
respectively, of the apparent affinity of wild-type Gsq for
adenylyl cyclase (measured in activation assays) (Itoh &
Gilman, 1991). Competition for [**S]GTPyS-G,, binding
to Sf9 cell membranes containing type I or type II adenylyl
cyclase (Figure 1C) or direct binding measurements (not
shown) also indicate that these mutant proteins have a
reduced affinity for their target enzyme. The affinity of [*S]-
GTPyS-G(FT) for adenylyl cyclase is reduced by about
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Table 1: Effects of Activators and Inhibitors on the Enzymatic Activity of Point Mutants and Binding of G*
M| MI
/7 7
Y /|
‘Cla /Cp 1Cyy cn:
pat
BSIT \ 1 ’ 3{"“’”"‘
! y \
H369A1) wzkﬁ h} HI50A ;' p1o13a
\ va3orty : JIRI01IA
\“‘\.\_ %) R”"h"l @’
Y418A Y999A
G CaM"
class protein Mg+ Mn?*+Fske ECsp Vitax ECsp Vi CaM/CaM+py* G, binding®
wild type 0.9 6.8 23+2 38 0+3 55 5.1/1.7 100%
Ci=GC:= R398A 0.01 2.1 = 0 = 0.05 = 8443
GC = AC-s' R979A 0 0.3 - 0.2 = 0 - 205
C=0CG= K350A 0.1 54 168 £20 35 - 0.6 0.6/0.2 90 +2
AC-s, not K923A 0.1 2.5 = 0.4 = 0.3 0.3/0.2 92+4
to GC
Ci=C R348A 1.2 8.3 20+ 3 4.3 1+5 4 4.4/1.7 113£6
=GC K921A 0.05 I3 o= 0.4 - 0.3 0.3/0.2 60+ 5
not to AC-s H369A 0.6 5.5 13+ 4 2 33+4 26 2.9/1.1 87+8
H950A 0.01 0.3 - 02 - 0.05 - 36+3
Y418A 0.6 4.4 25:%2 1.6 2844 34 3.3/1.7 1o x£7
Y999A 0.1 0.3 - 0.2 o 0.2 0.2/0.1 23+2
E432A 0.1/1.4° 0.3/1.2 10+ % 04/74c 39+5 03/4.3 4.712.8/ 57T+4
DIOI13A 0.17 4.0 19+3 2.1 634 1.4 1.2/0.2 85+3
conserved RIOIIA 0.09 0.5 = 0.2 = 0.5 = 1295
in Cs RIOITK 0.60 15.0 45+ 4 1.6 32+4 36 2.5/0.8 22+6
double D338A/DY0BA 0 0.1 - 0.2 N 0 . 0+4
mutant R398A/K923A  0.02 0.1 - 0.1 - 0 = 51+£5

“ Membranes were assayed for adenylyl cyclase activity (nmol/min/mg) as indicated. Background activity (~0.01—0.10 nmol/min/mg) has been
subtracted. Assays were performed using 10 mM MgCl, (Mg?*, 100 4M forskolin, and 10 mM MgCl, with 5 mM MnCl: (Mn**Fsk), or 300 nM
calmodulin and 50 gM CaCl,, without or with 100 nM bovine brain G protein Sy subunits (CaM/CaM+y). The diagram shows the locations of
the mutations. Paired mutations are in bold type: nonpaired mutations are in italics. * Values for ECsp and V., were calculated from least squares
fits to a simple rectangular hyperbola. Values of EC50 for those mutants that have very low activity cannot be estimated. Concentrations of
GTPyS-G,, and calmodulin were varied to a maximum of 2 4M; the concentration of Ca>* was 50 uM. © Assayed with 5 nM [¥S]GTPyS-G...
4 Except that the residue is lysine or threonine in type V adenylyl cyclase or the 70-kDa subunit of cytosolic guanylyl cyclase, respectively. © Assayed
without or with 5 mM MnCl; (—=Mn**/+Mn’*). / Assayed with 5 mM MnCl..

20-fold: there was no detectable competition by GTPyS-Ggu-
(CFT) at the highest concentration tested (2 uM).

We also tested the capacity of GDP-G,, to compete for
binding of [¥*S]GTPyS-G., to adenylyl cyclase—containing
Sf9 cell membranes (Figure 1D). Interestingly, GDP-G,q
appeared to be a competitor, although its affinity was about
20 to 40-fold lower than that of GTPyS-G,,. Similarly,
GDP-G,, was capable of activating type 1 and type II
adenylyl cyclase (Figure 1E). Again, the potency was about
50-fold less than that of GTPyS-Gy. Although it is difficult
to exclude the possibility that nucleotide exchange might
explain these results, this should be minimal under the
conditions utilized (i.e., no ATP regenerator, GDPfS in the
assay, short incubation times).

Truncation Mutants. Each cytoplasmic domain of the
membrane-bound adenylyl cyclases (C, and C;) can be
divided further (C,,/C)p; C2/Ca). C), and C,, are about 55%
similar to each other, and they are homologous to the re-
lated domains of the other adenylyl cyclases and to the
catalytic domains of the guanylyl cyclases. C;, and Cs, are
dissimilar to each other and are poorly conserved among the

adenylyl cyclases. We have constructed truncation mu-
tants of type I adenylyl cyclase that consist of either the
amino-terminal half (INM,C,(, -s7,) or the carboxyl-terminal
half (IM2C») of the protein. When expressed, each protein
alone has no detectable adenylyl cyclase activity (Table I;
see also Tang et al., 1991). Similarly, the carboxyl-termi-
nal half of type Il adenylyl cyclase (IIM»C;) has no activity
itself but contributes to a functional enzyme when coex-
pressed with INM,C, (Table I; see also Tang & Gilman,
1991). In the absence of folding problems, this result
indicates that both cytoplasmic domains are necessary for
catalysis.

To study the functions of the poorly conserved Cj, and
Cyp regions, we have truncated type I adenylyl cyclase and
the NM,C, and M,C; constructs at their carboxyl termini.
Protein IAC,, lacks domain C, (64 amino acids). Mem-
branes containing IACa, have about 25—50% of the activity
of membranes containing the wild-type enzyme (Figure 2).
This could be due to lower expression or impaired folding
of the protein. More importantly, the responses of the protein
to regulators appear to be intact (including the inhibitory
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Protein Mg Gy, Mn+Fsk
”“*U["“ ; Wild type 0.6:0.05 28802 69103
iy IACy, 0.2:0.01 L1010 32102

1y

1 INM, Cy .60 0 0.06 0.06

mny INMICypan 0.01 0,03 0.06
iy
IM;C, 0.01 0.02 0.02
g
IM,C,, 0.02 0.01 0.05
1IM,C; 0 0.02 0
Mg (my
+ L INMYCyy gryHIMC,y 0,640.05 2.040.1 34402
[y miy
i + { INMCopy g HIMC; 08401 1.840.02 1.5:0.2
amy e
| INICiuonIMiCr 032002 0920.1 23:0.1

INMIC s HIMLCa, 0,740,085 0.7+0.05 1.240.2

zmuL; iy

my |
L+

IIIlI]b+

FIGURE 2: Adenylyl cyclase activity of truncation mutants.
Membranes of Sf9 cells were assayed for adenylyl cyclase activity
(nanomoles of cyclic AMP per minute per milligram of membrane
proteins). Mg>* = 10 mM MgCly; Mn** = 5 mM MnCly; Gy, =
200 nM GTPyS-bound G,q; Fsk = 100 uM forskolin. Standard
errors for those values less than 0.1 nmol/min/mg are less than
20%.

INMLCyjy. g0y +1IMLC, 0.02 0.3:0.02 11+0.3

INMiCyyyapyy H1IM:Cy 0.01 1.40.2 4.1:0.2

effects of 2'-deoxy-3"-AMP and G protein Sy subunits; not
shown in Figure 2).

The two mutants INM,C(;-s79, and INM,C (| —4s4) consist
of N, M,, and C, terminated 86 and O residues from the end
of Cy,, respectively. Mutant IM,C,, begins just prior to M
(the same as IM»C>) and terminates at the end of C,,. None
of these proteins exhibits significant adenylyl cyclase activity
(Figure 2). However, coexpression of the two constructs
containing C;, with IM,Cs, IM2C3,, or IIM2C; in the six
possible combinations results in substantial adenylyl cyclase
activity that is elevated in response to most activators
(particularly GTPyS-G,, and forskolin; Figure 2). Thus,
neither Cy, nor Cyp, is essential for regulated adenylyl cyclase
activity.

Paired Murants. To assess the role of each cytoplasmic
domain in catalysis, we have made single amino acid
substitutions of residues that are conserved in varying
patterns in the C,, and C,, domains of adenylyl cyclases from
mammals, Drosophila, and Dictyostelium; the conserved
domains of adenylyl cyclases that contain one such domain
(yeast, Dictyostelium, Trypanosoma brucei, and Brevibac-
terium liquefaciens;, AC-s in Table 1); and the conserved
domains of membrane-bound and soluble guanylyl cyclases
(mammalian and S. purpuratus) (Kataoka et al., 1985;
Krupinski et al., 1989; Schulz et al., 1989; Thorpe & Garbers,
1989; Yamawaki-Kataoka et al., 1989; Alexandre et al.,
1990; Bakalyar & Reed, 1990; Nakane et al., 1990, Chinkers
& Garbers, 1991; Feinstein et al., 1991; Gao & Gilman,
1991; Peters et al., 1991; Ishikawa et al., 1992; Levin et al.,
1992; Pitt et al., 1992). We have focused on charged
residues and have mutated them to alanine to minimize
structural alterations (Cunningham & Wells, 1989). Eight
pairs of residues were chosen (four basic, three acid, one
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aromatic). All of the mutant proteins were expressed in Sf9
cells using recombinant baculoviruses (verification of ex-
pression by immunoblotting not shown). Membranes were
assayed for adenylyl cyclase activity, and their capacities to
bind [*S]GTPyS-G,, were also assessed (Table 1).

We have attempted to place the mutant proteins into groups
based on the pattern of conservation of the altered residue.
In the first group, residues are conserved among all four of
the types of sequences listed above (Cy,, Cs, AC-s, GC).
Two glycine residues meet this criteria but were avoided.
There are six other residues that show this pattern (with one
or two exceptions in each case among the 24 sequences
examined). Only one of these (Arg398/979 in type I
adenylyl cyclase) is charged. Mutant R398A had an
unaltered capacity to bind [*S]GTPyS-G.q, but its catalytic
activity was very low unless assayed in the presence of both
forskolin and Mn?>*. Mutant R979A also had very low
enzymatic activity under all conditions, as well as a reduced
capacity to bind activated Giq.

Two charged residues (K350/923 and D419/1000) are
absolutely conserved in Cy,, Ca, and the soluble adenylyl
cyclases; they differ but are conserved (K as E, D as C) in
the guanylyl cyclases. Mutants K350A and K923A have
essentially normal capacities and affinities for G,y binding
under standard assay conditions (Table I; Figure 3A). Both
of these mutants show substantial alterations in regulated
adenylyl cyclase activities. Neither mutant responds to
calmodulin (Figure 3F), which is both interesting and
mysterious.’ Mutant K923A has poor adenylyl cyclase
activity unless Mn?* is present, in which case forskolin-
stimulated activity is roughly half the wild-type value (Figure
3C,D). However, the ECs for forskolin in the presence of
Mn** is elevated about 20-fold compared to wild type (Figure
3C). This mutant is also notable for its poor affinity for
P-site inhibitors, its moderately elevated K., for substrate (see
below), and little response to Gi,. Mutant K350A has low
basal activity. Although near wild-type activities can be
achieved in the presence of activators, the ECsj values for
both forskolin and G, are elevated by 20—30 fold (Figure
3C,D,E). This shift in the apparent affinity of mutant K350A
for GTPyS-G,, introduces a substantial discrepancy between
the curves for activation of enzymatic activity and competi-
tion for binding (compare Figure 3A with 3E). We thus
examined binding of GTPyS-G,, under the usual assay
conditions and in the presence of reagents normally included
in the adenylyl cyclase assay. Of interest, ATP causes a
modest reduction (25%) in the binding of subsaturating
concentrations of GTPyS-G,, to membranes containing wild-
type adenylyl cyclase and a substantial reduction (84%) in
binding to membranes containing mutant K350A (Figure
3B). Although we have not yet explored this phenomenon
in detail, there appears to be a negative heterotropic binding
interaction between G,, and ATP that is accentuated in the
mutant and that explains the discrepancy between binding
and activation curves.

A double mutant, R398A/K923A, was constructed in an
attempt to eliminate catalytic activity with retention of Gy
binding activity; this goal was achieved (Table 1). This

*The calmodulin-binding domain of type | adenylyl cyclase is
believed to reside within residues 495—522 (Wu et al.. 1993). Failure
of these mutants to be activated by calmodulin is thus presumably not
due to direct alteration of this primary site of interaction.
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FiGURE 3: Binding of [3*S]GTPyS-Gs and enzymatic activities of
K350A, K923A, and R1011A adenylyl cyclase. (A and B) Binding
of [*S]GTPyS-Gy, to Sf9 cell membranes containing wild-type and
mutant adenylyl cyclases. The concentration of labeled GTPyS-
Gqo was 4 nM, and unlabeled GTPyS-G, was included at the
indicated concentrations as competitor. The amount of labeled Gyq
bound to 20 ug (A) or 10 ug (B) of Sf9 cell membranes in the
absence of competitors is indicated. When present (B), the
concentration of ATP was 0.5 mM. (C—F) Adenylyl cyclase
activities of Sf9 cell membranes (10 ug) containing wild-type and
mutant (K350A, K923A, and R1011A) adenylyl cyclases in the
presence of forskolin and 5 mM MnCl; (C), forskolin (D), GTPyS-
Gyq (E), and calmodulin and 50 uM CaCl, (F). Binding of [**S]-
GTPyS-Gy, and adenylyl cyclase activities were assayed in
duplicate, and data are representative of at least two experiments.

double mutant resembles the other mutant pair in this
group—D419A and D1000A. Both of these proteins have
very little catalytic activity, although G, binding activity is
approximately 50% of the wild-type value (data not shown).

There are 17 amino acid residues that are relatively well
conserved among the C;, and C;, domains of the adenylyl
cyclases and the catalytic domains of the guanylyl cyclases;
they differ in the adenylyl cyclases with a single conserved
domain. Five of these pairs were mutated, and the resulting
proteins display a few different phenotypes. Both mem-
branes of the D338A/D908A pair are essentially inactive and
have substantially reduced ability to bind activated G, (data
not shown). Three pairs of mutants are similar (R348A/
K921A, H369A/H950A, and Y418A/Y999A). Each member
of these pairs with the mutation in Cy, is relatively normal.
Each member with the mutation in C,, has little to no
catalytic activity, as well as reduced binding of GTPyS-Gqq
(Table 1). Both members of the last pair in this group,
E432A and D1013A, have good catalytic activity. Interest-
ingly, however, mutant E432A is exceedingly dependent on
Mn?" and has an elevated K., for substrate (see below).

Tang et al.

Table 2: Effects of Nucleotides®

activity® Mn2* + Ko atp ICs0.2d3-amp
protein FSK (nmol/min/mg) (UMY’ (uM)
wild type 6.8 +0.2 388 5+£07
R348A 83=+03 51+12 66 + 14
K921A 1.3 +£0.1 53+ 11 3545
K350A 54+£03 53+ 11 834+ 17
K923A 25+02 124 £ 16 1300 £ 300
E432A 5.6 £ 0.1 371 +£27 2543
DI1013A 5.6+0.2 44 £ 11 4+06
H369A 55+£03 40 £ 12 6+1
R398A 2.1+02 72+ 16 120 £ 30
Y418A 44+03 78 £ 16 13+£3
V430R 8+0.2 63+ 10 6£1
I351T 1 +0.1 48 £ 10 942
T924A 47+0.2 53+£9 5+1
RI1011K 1505 50+ 10 9+1
K1049A 57+0.1 50+ 12 41+4

“ All assays were performed with 10 mM MgCl;, 5 mM MnCl,, and
100 M forskolin. # Values for Km atp and ICsp 2q3-amp were calculated
from least squares fits of adenylyl cyclase activity to a simple
rectangular hyperbola. The ICs¢2q43.amp was determined with 0.5 mM
ATP.

Nonpaired Mutants. Two residues (T924 and R1011) are
conserved in the C,, domains of the adenylyl cyclases and
in the corresponding domains of the guanylyl cyclases and
the single-conserved-domain adenylyl cyclases; these resi-
dues differ in the C;, domains. Mutant T924A is essentially
normal (data not shown). Mutant R1011A binds activated
G,q normally but is essentially inactive catalytically (Table
1, Figure 3). Mutant R1011K had excellent catalytic activity
(particularly with Mn?>~ + forskolin) but paradoxically
reduced G, binding activity and response to this protein.
One residue (D354) is conserved in the C, domains as well
as the guanylyl cyclases and the soluble adenylyl cyclases.
Mutant D354A is completely inactive but retains significant
G, binding activity (not shown).

Effects of Nucleotides. Values of K, atp for type [ adenylyl
cyclase in the absence of activators or in the presence of
GTPyS-G,, or Ca -calmodulin are between 30 and 60 uM.
Surprisingly, the K, is elevated approximately 10-fold (to
440 uM) when forskolin is the activator. In the presence of
Mn?*, all values, including that with forskolin, are in the
30—60 uM range. This phenomenon, which has apparently
been overlooked, is also true of type II, type V, and
Drosophila (rutabaga) adenylyl cyclases.

The K atp for mutants E432A and K923A are elevated
about 10-fold and 3-fold, respectively (Table 2). These
relative differences in K arp are maintained under other
assay conditions. For example, with forskolin or GTPyS-
G but no Mn?*, the K atp for K923A is 1.8 or 0.5 mM,
respectively.

Membrane-bound adenylyl cyclases are inhibited directly
by adenosine and certain of its analogues (Johnson et al.,
1989; Johnson & Shoshani, 1990). These compounds have
been termed P-site inhibitors because of the importance of
an intact purine ring; 2’- or 5’-deoxy and 3’-phosphoryl
compounds are the most potent. Inhibition is not competitive
with respect to Mg?"-ATP, and stimulated forms of adenylyl
cyclase are more susceptible to inhibition than is basal
activity. A potent P-site inhibitor, 2’-deoxy-3’-AMP, was
tested for its inhibitory effect on 14 mutants that are activated
by Mn?* and forskolin (Table 2). Based on their sensitivity
to 2’-deoxy-3"-AMP, we have grouped the mutants roughly
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FIGURE 4: Immunoprecipitation of adenylyl cyclase activity from
detergent extracts of membranes containing wild-type and mutant
enzymes. Membranes (500 wpg) from Sf9 cells expressing the
indicated proteins were solubilized and immunoprecipitated with
type I adenylyl cyclase-specific antiserum C1-1115. The filled bar
shows the total adenylyl cyclase activity that was solubilized with
dodecyl maltoside. The hatched bar shows activity that was
immunoprecipitated. The percent activity that was immunopre-
cipitated is also indicated. Assays were performed in duplicate,
and data are representative of two experiments.

into three categories. There is little change in the sensitivity
to the inhibitor among the seven mutants in group II
(D1013A, H369A, Y418A, V430R, 1351T, T924A, R1011K).
In the second group, (six of the mutants described above),
sensitivity to the inhibitor is reduced by 5—24 fold (R348A,
K921A, K350A, E432A, R398A, K1049A). Mutant K923A,
the only member of the third group, is very insensitive to
P-site inhibition.

Quaternary Structure. Hydrodynamic analyses of detergent-
solubilized, unstimulated adenylyl cyclases from brain and
S49 cells have indicated molecular weights of about 200 000,
suggestive of dimerization (Haga et al., 1977; Neer et al.,
1984; Yeager et al.,, 1985; Smigel, 1986). We have at-
tempted to use certain of the mutants described above to
assess this possibility. Antiserum C1-1115 recognizes the
carboxyl-terminus of type I adenylyl cyclase and can be used
to immunoprecipitate significant enzymatic activity from
detergent extracts of Sf9 cells that express the protein (Figure
4).* (The immunoprecipitated activity can be stimulated by
G, calmodulin, or forskolin.) Mutant IAC,, has substantial
enzymatic activity (Figure 2) but is not recognized by
antiserum C1-1115 (the epitope has been removed); adenylyl
cyclase activity is not immunoprecipitated from extracts of
cells expressing this mutant (Figure 4). Double mutants
D338A/D908A and R398A/K923A are totally inactive, but
both retain the epitope for antiserum Cl1-1115. Mutant
R398A/K923A retains G,q binding activity; D338A/D908A
does not (Table 1). When mutants IAC, and R398A/K923A
were coexpressed in Sf9 cells, a significant amount (28%)
of the enzymatic activity could be immunoprecipitated. This
was not true when IAC», and D338A/D908A were synthe-
sized together. The result indicates interaction of IACs;, and
R398A/K923A that is dependent on the structural integrity
of the double mutant (as assessed by retention of the capacity
to bind G.s). (Note: the amount of activity that could be
immunoprecipitated following coexpression of IACy, and

*J. Iniguez-Lluhi and A. G. Gilman, unpublished observations.
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FIGURE 5: Adenylyl cyclase activity of membranes containing
different combinations of mutant enzymes. Complementation of
mutations in the C> domain by coexpression of truncation mutants.
Membranes (10 ug) were assayed for adenylyl cyclase activity
(nmol/min/mg protein). Values shown are assays with either 10
mM MnCl or both 10 mM MnCl:; and 100 ¢M forskolin. Assays
were performed in duplicate, and data are representative of at least
WO experiments.

0/0.1 0.2/0.7 +0.05 0.1/1.3 £0.1

R398A/K923A is very reasonable if IAC,, also forms
homodimers.)

We have also attempted to detect interactions between
truncated and full-length constructs, which could be revealed
by complementation between mutant proteins. These experi-
ments utilized some of the point mutants described above,
as well as INM,C,, IM,C,, IIM,C,, IM,C,M; (entire C,
deleted from type I), and IM,C,MC, . (C,, replaced by C,,).
The truncation mutants and IM,C,M-C,;» have little or no
adenylyl cyclase activity (Figure 5). Results of adenylyl
cyclase assays performed with membranes from Sf9 cells
infected with various combinations of baculoviruses encoding
these mutants are shown in Figure 5. Coexpression of
proteins that have alterations in C,, (point mutation [D908A],
truncation [IM,C;M:], or exchange [IM;C;M>C,;»]) with
proteins representing the carboxyl-terminal half of type I or
type II adenylyl cyclase resulted in complementation (3- to
7-fold increase in adenylyl cyclase activity). Appropriately,
this was not observed when NM,C, replaced M;C;. We were
also able to detect weak complementation between point
mutant D338A and INM,C, (but not between D338A and
M,C; constructs). These results again support the hypothesis
that both C,, and Cs, are necessary for catalytic activity. They
further indicate productive interactions between full-length
and truncated constructs of adenylyl cyclase. However, we
were not able to observe catalysis as the result of interaction
between two full-length constructs with inactivating point
mutations, one in C, and the other in Cy, (i.e., coexpression
of D338A or R398A with HOS0A or K923A) (Tang et al.,
1992).

DISCUSSION

Described in this report is a series of truncation mutations
designed to test the functions of the nonconserved domains
of membrane-bound adenylyl cyclases. Regulated adenylyl
cyclase activity is observed in the absence of both Cy, and
Caw. These findings have guided our successful efforts to
synthesize a truncated, soluble adenylyl cyclase by linkage
of the C;, domain of type I adenylyl cyclase with the C,,
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domain of the type Il enzyme (Tang & Gilman, 1995). This
soluble enzyme has extremely low basal activity and is
activated markedly by Gy and forskolin. This system will
be used to study G protein-regulated adenylyl cyclases both
biochemically and genetically.

A variety of point mutations have been made in the
duplicated domains of type I adenylyl cyclase. Of the 21
mutations to alanine that are described, 10 are in Cy, and 11
are in Cy,. Of these, we classify four as relatively normal
(H369, Y418, T924, and D1013) and four as uninterpretably
inactive (maximal enzymatic activity 0.3 nmol/min/mg or
less, Gy binding < 25% of wild type; H402, D908, R979,
and Y999). There is no obvious tendency of these mutations
to arise from any particular group or to fall in one domain
or the other. Thirteen mutants are thus left for analysis. We
classify seven of these (three in C,,, four in Cy,) as having
substantially reduced enzymatic activity in the presence of
any activator despite retention of significant Gy, binding
activity (D338, D354, D419, K921, H950, D1000, and
R1011). Two others (one in each domain) have significant
defects in P-site inhibition without any other notable
alteration (R348 and K1049). Four mutants have more
complex phenotypes (K350, R398, E432, and K923). All
have impaired P-site inhibition. Two of them have clearly
elevated Ky,’s for substrate (E432 and K923); one is tending
in this direction (R398). These three mutants are also
characterized as “dependent” on Mn?" for enzymatic activity.
The concentration dependence for activation of mutant K923
by forskolin is shifted to the right. The same is true for
mutant K350 for both forskolin and G; this mutant also
displays a curious relationship between binding of ATP and
GTPyS-Gqa.

Certain phenotypic characteristics appear to be linked. The
four mutants listed above with severely impaired G, binding
activity all have exceedingly low enzymatic activities, despite
adequate expression detected by immunoblotting. This
appears to justify use of Gy, binding activity as a gross
measure of the structural integrity of the constructs. The
mutant R1011K is an exception, displaying excellent activity
with forskolin (and calmodulin) despite poor Gyq binding
and a relatively poor response to this protein. However, it
is unlikely that this residue is crucial for interaction with
Gy because its mutation to alanine impaired all enzymatic
activities but left G, binding intact. Stated in another way,
we have failed to find mutants with meaningful, isolated
deficiencies in Gy, binding and activation by the protein in
the face of normal responses to other activators. We ascribe
this to the fact that the residues that were mutated were
chosen because of homologies with non—Gs,-responsive
nucleotide cyclases.

Although the numbers are small, there also appears to be
linkage among K atp defects, loss of P-site inhibition, and
dependence on Mn?*. (However, the confidence with which
one makes this statement is tempered by the apparent ease
of obtaining so-called P-site mutants.) At least some of this
phenomenon is explicable by the fact that forskolin raises
Kmatp significantly and this effect is reversed by Mn?™,

One of the stronger conclusions that can be drawn from
study of these mutants is that both cytosolic domains of
membrane-bound adenyly! cyclases are required for char-
acteristic enzymatic activity. Mutations in either cytosolic
domain can largely eliminate catalysis with retention of
substantial G, binding activity (e.g., D354, D419, D1000,
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R1011). Furthermore, the two cytosolic domains are not
equivalent. The individual effects of paired mutations differ
(e.g., Y418/999, H369/950). Replacement of domain C,,
with C,, is ineffective. Despite the inequivalence of the
domains, we cannot ascribe unique functions to them. For
example, there is little or no evidence to support the notion
that one putative nucleotide-binding domain constitutes the
P site, while the other is responsible for catalysis. “P-site
mutants” are found everywhere. Two mutants have altered
K.,’s for substrate. Although the magnitude of the effects
differs, one (E432) is in Cy,, the other (K923) in C,.. We
note that the effect of mutation on Ky arp eXceeds that on
the ICso for 2'deoxy-3’-AMP for mutant E432A, while the
reverse is true for mutant K923A; unfortunately little can
be made of this observation at the moment.

Given the ability of mutations in either domain to interfere
with nucleotide-related phenomena, we suggest that both the
Cia and C,, domains bind ATP. Given their inequivalence,
we further speculate that one of these domains is predomi-
nantly catalytic while the other is predominantly regulatory.
The results of synthesis of each cytoplasmic domain in E.
coli are consistent with this notion (Tang & Gilman, 1995).
Expression of C, results in weak complementation of
bacteria that lack endogenous adenylyl cyclase; expression
of Cj, does not. Mammalian phosphofructokinase and
hexokinase appear to provide precedents. These enzymes
have two homologous domains, and only one is involved in
catalysis (Fothergill-Gilmore & Michels, 1993). The other
domain arose by gene duplication, with subsequent mutation
of several residues that are critical for catalysis. The ultimate
evolutionary outcome has been to increase greatly the
regulatory power of these enzymes compared to their single-
domain yeast and bacterial counterparts.

Adenylyl cyclase is largely inactive in the absence of
stimulators, despite the presumption that it can bind substrate
readily. In addition, there is little inhibition of enzymatic
activity by product. We thus suggest that the enzyme is
regulated by an open/closed transition of the catalytic domain
(Figure 6) (Schulz, 1991). Substrate is bound in the open
state. The conformational change leading to the closed state
brings crucial residues to bear on the a-phosphoryl and 3'-
OH groups of ATP, where catalysis must occur. After
catalysis, the open state could reform either prior or
subsequent to release of product. Return to the open
conformation from the nucleotide-free closed state could thus
limit the rate of reaction, as could the rate of formation of
the closed state prior to catalysis. Either step could be
regulated by activators and/or inhibitors. We favor these
conformational arguments because of the effects of P-site
inhibitors.

P-site inhibitors resemble cyclic AMP, yet product inhibi-
tion of adenylyl cyclase is weak. P-site inhibitors resemble
substrate, but inhibition is not competitive. Inhibition is
activity-dependent (Florio & Ross, 1983; Johnson & Shos-
hani, 1990). The P site cannot be clearly distinguished from
a catalytic site by the mutational analysis presented above.
Rather, mutants with altered K.,’s for substrate have altered
P-site characteristics as well. The converse is not always
true; alterations in apparent affinity for the P-site inhibitor
do not dictate altered values of K. This presumably reflects
the mechanism of inhibition and highlights the need to be
able to measure nucleotide binding directly. Despite these
uncertainties, we hypothesize that P-site inhibitors and
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FIGURE 6: Model of conformational changes at the catalytic site of adenylyl cyclase. See text for description.

substrate bind to different conformations of the same site-
(s). Substrate can bind only to the open conformation. P-
site inhibitors have high and preferential affinity for the
closed state. The activity dependence of P-site inhibi-
tion is explained if stimulators promote formation of the
closed state. We further suggest that impairment of en-
zyme regulation in a variety of ways could upset the nor-
mal balance between open and closed conformations, per-
haps explaining the frequency with which alterations
in P-site inhibition are seen among the mutants described
above.

Both members of one pair of mutants, K350A and K923A,
hint at very interesting and important regulatory phe-
nomena—linkage of binding of activators and nucleotides.
The ECsy’s for activation of the enzymatic activity of mutant
K350A by both forskolin and GTPyS-G, are shifted to the
right. The affinity of GTPyS-Gs, for the enzyme is lowered
by ATP. Mutant K923A is unresponsive to P-site inhibitors
and appears to have an altered affinity for forskolin. This
mutant also displays apparent positive cooperativity for
inhibition of activity by GTP (not shown). We strongly
suspect that understanding of these phenomena will provide
great insight into mechanisms of regulation of adenylyl
cyclase activity. However, detailed analyses of these effects
will require knowledge of nucleotide binding to the proteins.
In view of the affinities involved, this will require reasonably
large amounts of enzyme—soluble and pure. We place a
high priority on design and synthesis of a regulable, soluble
adenylyl cyclase that can be expressed and purified in
reasonable yields.

We have obtained evidence for interaction between mutant
adenylyl cyclases by immunoprecipitation and by comple-
mentation following coexpression of selected mutant con-
structs. We have not been able to observe such comple-
mentation by mixing of solubilized components. Interaction
may be established only during synthesis, or a competent
complex may be necessary for proper protein folding. There
is as yet no evidence for oligomerization of adenylyl cyclase
in the plasma membrane. Further, our experiments do not
speak rigorously to the possibility of dimerization of wild-
type adenylyl cyclase (only to mutants) or to a requirement
for oligomerization for catalysis. However, there is evidence
for oligomerization (even tetramerization) of membrane-
bound guanylyl cyclases (Iwata et al. 1991; Chinkers &
Wilson, 1992; Lowe, 1992). The existence of oligomers of

adenylyl cyclase could presumably increase regulatory
complexity greatly.
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