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ABSTRACT The two large cytoplasmic domains (C1 and
C2) of adenylyl cyclases (AC), when expressed separately and
mixed together, reconstitute enzyme activity that can be
regulated by various modulators. Therefore, we have used the
C1 or its C1a subdomain and C2 regions from type I AC (ACI)
and type V AC (ACV) to identify the region on ACI that
interacts with bg subunits of heterotrimeric G proteins. In
addition, we also used a chimeric C1 domain (VC1aIC1b) in
which the C1a region was derived from ACV and the C1b
region was from ACI. By mixing the C1 or C1a or VC1aIC1b
domains with C2 regions of ACI or ACV, we have shown that
the C1a region (amino acids 236–471) of ACI is sufficient to
observe bg-mediated inhibition of enzyme activity, which is
stimulated by either constitutively active Gsa (Gsa*) or Ca21y
calmodulin (CaM). Although the C1b region and C2 domain
of ACI were by themselves not sufficient for inhibition of
activity by bg subunits, the presence of both of these regions
formed another bg interaction site that was sufficient to
observe Gsa*- or Ca21yCaM-stimulated activity. Inhibition of
AC activity attributable to interaction of bg subunits at either
of the two sites was blocked by a peptide (QEHA) that has
previously been shown to inhibit the effects of bg on various
effectors. Moreover, the C1 region of ACI was sufficient to
observe Gia1-elicited inhibition of Ca21yCaM-stimulated ac-
tivity. Although the C1a region of ACV was sufficient for
inhibition of activity by Gia1, the presence of C1b region from
either ACI or ACV increased sensitivity to inhibition by the
inhibitory G protein. Thus, the inhibitory inf luences of Gia1
are mediated on the C1 regions of both ACI and ACV. The
effects of bg on ACI can be mediated by interactions with the
C1a region and a bg interacting site formed by the C1b and
C2 domains of this enzyme.

Mammalian adenylyl cyclases (ACs) that catalyze the conver-
sion of ATP to cAMP can be divided into membrane-bound
and cytosolic forms (1–3). The recently characterized mam-
malian cytosolic AC is not regulated by heterotrimeric G
proteins or forskolin (3). On the other hand, the membrane
bound mammalian ACs are regulated not only by G protein
a-subunits and forskolin but also by bg subunits of heterotri-
meric G proteins and other modulators such as Ca21 and
Ca21ycalmodulin (see refs. 1 and 2 for reviews). To date, nine
distinct forms (types I–IX; ACI–ACIX) of membrane-bound
adenylyl cyclases have been cloned and characterized (see refs.
1 and 2 for reviews). In addition, two splice variants of type
VIII isoform have been reported (4).

Although the nine membrane-bound forms of AC share
considerable sequence homology, the various modulators reg-
ulate their activity differently. Thus, type I, III, and VIII
isoforms are stimulated by Ca21ycalmodulin (4–8). The
closely related type V and VI forms of AC are inhibited by low
concentrations of calcium without the involvement of calmod-

ulin (9–12). Similarly, although Gia (the inhibitory GTP
binding protein of AC) inhibits type V and VI ACs, it does not
alter the activity of type II enzyme (see ref. 1 and 2 for
reviews). On the other hand, the bg subunits of heterotrimeric
G proteins conditionally stimulate type II and IV ACs, pro-
vided that active Gsa (the stimulatory GTP binding protein of
AC) is present (13–15). However, bg subunits inhibit the
activity of type I adenylyl cyclase (5, 13, 15).

Because the full-length ACs cannot be expressed in large
amounts and because large scale purification of these enzymes
is problematic, several groups have expressed the two large
cytosolic domains (C1 and C2) of AC in bacteria and have used
these to study regulation of the enzyme (16–20). Mixtures of
C1 and C2 domains of AC have been shown to reconstitute
enzyme activity that can be regulated by G protein a subunits,
forskolin, and Ca21 in a manner similar to the full-length
enzyme (16–20). Therefore, using the C1 and C2 domains
from type I and V ACs (ACI and ACV)‡, as well as a chimeric
C1 region derived from these enzyme, we have identified the
regions on ACI and ACV that are involved in the inhibition of
enzyme activity by bg and Gia subunits, respectively. Our data
demonstrate that the C1a region (amino acids 236–471) of
ACI is sufficient to observe bg-mediated inhibition of enzyme
activity. Additionally, we demonstrate that, although neither
the C1b (amino acids 472–607) nor the C2 (amino acids
809-1133) regions of ACI by themselves are sufficient to
observe inhibition of enzyme activity by bg subunits, when
present together, these regions are also sufficient to form a bg
interacting site. Concerning inhibition of AC activity by the
type 1 isoform of Gia (Gia1), our data show that the C1a region
of ACV (amino acids 322–571) and C1 region of ACI (amino
acids 236–607) are sufficient to observe inhibition of enzyme
activity by the G protein. Moreover, when C1b regions of ACI
or ACV are connected to the C1a region (amino acids
322–571) of ACV, sensitivity to inhibition by Gia1 is aug-
mented.

MATERIALS AND METHODS

Plasmid Construction. The vector pTrcHisB (Invitrogen)
was used for expression of the soluble forms of canine ACV
and bovine ACI subunits in Escherichia coli. Plasmid construc-
tion of the recombinant forms of ACV subunits was performed
as described (17, 18). cDNAs encoding the C1a (IC1a; amino
acids 236–471), C1 (IC1; amino acids 236–607), and C2 (IC2;
amino acids 809-1133) regions of ACI were obtained by PCR
using ACI cDNA as template and the following primers: IC1a,
primer A: 59 ATAATATGGATCCGGCTGAGCGCGCC-
CAG 39, primer B: 59 ATATATAGCGCTATGAGTTTTC-
AGAAAACTGTTCCTCTC 39; IC1, primer C: 59 ATATAT-
GGATCCGGCTGAGCGCGCCCAG 39, primer D: 59 ATA-
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TATAAGCTTCTAGTCCTGAAGCTGGTGGTACTTTC-
GCTCTCG 39; IC2, primer E: 59 ATATATAGATCTGTCA-
AGCTGCGGCTG 39, primer F: 59 ATATATAAGCTTCT-
AAGCCTCCTTCCCAGAGGC 39. The PCR products were
cloned into the BamHIyHindIII sites (IC1 and IC1a regions)
and the BglIIyHindIII sites (IC2 domain) of the plasmid
pTrcHisB.

To generate the chimeric C1 domain consisting of C1a
region (amino acids 322–571) from ACV and C1b region
(amino acids 472–607) of ACI (VC1aIC1b), unique Eco47III
and BglII restriction sites were introduced at the 39 end of
VC1a (silent T . C mutation at nucleotide 1,674) using PCR
methodology; the 59 primer contained a BamHI site. This PCR
fragment was then cloned into BamHIyBglII-treated plasmid
pTrcHisB, which contained the cDNA encoding C1 and C2
regions of ACV joined by an artificial linker (17). This
construct was digested with Eco47III, and the PCR-generated
IC1b cDNA (encoding amino acids 472–607 of ACI), engi-
neered to contain EcoRV sites at the 59 and 39 ends was then
inserted into this new restriction site. By using PCR method-
ology, this latter construct was then used as a template to
generate the chimeric C1 region in which the C1a region was
derived from ACV and the C1b domain was from ACI; the 59
and 39 primers were designed to include unique BamHI and
HindIII sites, respectively. The cDNA encoding the chimeric
C1 region was cloned into the BamHIyHindIII sites in plasmid
pTrcHisB.

To clone the rat Gia1 subunit in the expression vector
pQE60, the complete Gia1 cDNA was first generated by PCR
using cDNA of Gia1 in pGEM-2 (from R. Reed, Johns Hopkins
Univ. School of Medicine, Baltimore) as template and the
primers (59 TATATACCATGGGCTGCACACTG 39) and (59
TATATAGAATTCTTAGAAGAGGAGACCACAG 39).
This PCR-generated cDNA was subjected to NcoI digestion to
obtain a 261-bp fragment (encoding amino acids 1–87), which
was then cloned into the NcoI site of pQE60. The resulting
construct was sequenced to ensure the correct orientation of
the NcoIyNcoI fragment, and following treatment with
Eco47IIIyHindIII was ligated with the Eco47IIIyHindIII frag-
ment of Gia1 cDNA (amino acids 7–354) to generate the
complete Gia1 (amino acids 1–354) in plasmid pQE60. All of
the constructs were verified by sequencing.

Expression of Recombinant Proteins in E. coli. The AC
subunits IC1, IC2, VC1, VC2, and VC1aIC1b were expressed
in TP2000 strain of E. coli, which does not contain endogenous
AC. Expression of protein and cell lysis were performed as
described (17) except that the induction with isopropyl b-D-
thiogalactoside was performed at 23°C for 15 h. All of the G
protein a subunits were expressed in E. coli (JM109 DE3) as
described by Lee et al. (21). Gia1 was coexpressed with yeast
N-myristoyltransferase to ensure synthesis of myristoylated
G-protein as described by Linder et al. (22). Purification of the
myristoylated, recombinant Gia1 protein was achieved by the
method of Mumby and Linder (23). Bovine brain bg subunits
of heterotrimeric G proteins were purified to homogeneity as
described by Mumby et al. (24) with the modifications of Neer
et al. (25).

Adenylyl-Cyclase Assays. AC activity assays were performed
for 15 min at 30°C in a volume of 150 ml in the presence of 5
mM MgCl2 as described (17). The constitutively active Q213L
mutant of Gsa (Gsa*; ref. 26) was used to stimulate enzyme
activity. To ensure maximal activation of Gsa*, the G protein
was activated by incubation with 100 nM guanosine 59-[g-
thio]triphosphate at room temperature for 30 min. Likewise,
Gia1 was activated by a similar treatment for 1 h. Guanosine
59-(O-(2-thiodiphosphate) (GDPbS)-bound form of Gia1 was
obtained by incubation with 10 mM GDPbS for 1 h at room
temperature. Purified bovine brain calmodulin was mixed with
Ca21 and was added to AC assays to yield final concentrations
of 500 nM and 30 mM, respectively. To monitor inhibition of

AC activity by Gia1 or bg-subunits, the G-protein subunits and
AC were preincubated for 2 min at room temperature before
the start of the assay. When the effect of G-protein bg subunits
were studied, the final concentration of the detergent, lubrol,
in the assay was maintained at 0.001% (volyvol) and was added
to all controls. Wherever peptides QEHA and SKEE were
used, they were preincubated with bg subunits for 1 h on ice,
and the mixture then was added into AC assays.

RESULTS AND DISCUSSION

Among the AC isoforms, ACI is unique in that its enzymatic
activity is inhibited by bg subunits of heterotrimeric G proteins
(5, 13, 15). Therefore, the initial aim of our study was to
identify the regions on this enzyme that are necessary andyor
sufficient for inhibition of enzyme activity by bg subunits.
Because the major cytoplasmic regions (C1 and C2) of ACs are
sufficient to reconstitute enzyme activity that can be regulated
by modulators such as Gsa, forskolin, and Gia (16–20), our
approach entailed the use of C1 and C2 regions of ACI and
ACV. Therefore, as a starting point, we determined whether
mixing the recombinant C1 or its shorter C1a region from
ACV or ACI with the C2 domains of these enzymes recon-
stituted activity that could be stimulated by Gsa. The ability of
the chimeric C1 protein (VC1aIC1b) to reconstitute enzyme
activity with C2 domains of ACI or ACV also was tested. The
abbreviations used to designate the domains of AC that were
derived from either ACI or ACV to reconstitute enzyme
activity are presented in Fig. 1. As demonstrated in Fig. 2A,
with the exception of IC1zIC2, the constitutively active mutant
(Q213L) of Gsa, Gsa* stimulated activity of all combinations of
C1 or C1a or the chimeric C1 (VC1aIC1b) in the presence of

FIG. 1. Schematic representation of the abbreviations used to
describe the various forms of AC derived by mixing the cytosolic C1
or C1a or chimeric C1 regions with C2 domains of either ACV or ACI.
The various domains of ACI (black) and ACV (white) are represented
in the boxes. The amino acid residues encompassing the domains in
bovine ACI are as follows: C1, 236–607; C1a, 236–471; C1b, 472–607;
C2, 809–1,133. In canine ACV, the domains shown comprise the
following amino acid residues: C1, 322–683; C1a, 322–571; C2, 933–
1,184. In the list of abbreviations, the roman numeral preceding the C1
or C2 domains and their subregions denote the AC isoform from which
that particular region is derived.
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C2 region of either ACI or ACV. The inability of Gsa* to
stimulate activity of IC1zIC2 cannot be attributed to the lack
of interaction between the domains of ACI to form an active
enzyme because basal activity of this mixture was measurable
and higher than other combinations of C1 and C2 domains
(Fig. 2 A). More likely, the complex formed by IC1 and IC2
does not allow access to the Gsa* binding site. It should be
noted that the optimal concentrations of Gsa* required to
observe maximal stimulation of enzyme activity with the
different combinations shown in Fig. 2 A were empirically
determined and were found to be different. Thus, VC1zIC2
required 120 nM Gsa* for maximal stimulation; all other
combinations required 80 nM Gsa*.

Because the C1b region of ACI has previously been dem-
onstrated to be the site of calmodulin (CaM) binding and
necessary for activation of the enzyme by Ca21yCaM (27), we
determined whether Ca21yCaM could stimulate adenylyl cy-

clase activity that had been reconstituted by mixing C1 domain
of ACI or C1 domain containing IC1b with C2 regions of ACI
or ACV. These experiments demonstrated that, like the full-
length ACI, the activity of the soluble forms of AC could be
stimulated when either the C1 region or the C1b domain of
ACI were present (Fig. 2B). Again, the exception was the
soluble AC comprising both C1 and C2 regions of ACI
(IC1zIC2; Fig. 2B). Because the activity of IC1zIC2 could not
be elevated by either Gsa* or Ca21yCaM, this form of the
soluble AC was not further studied; similar results, i.e., lack of
modulation, also have been observed with a linked form of
IC1a-IC2a AC (16). As expected, when the C1 region of ACV
was used, Ca21yCaM did not stimulate enzyme activity. These
data demonstrate that, as determined in the context of the
full-length ACI and ACII chimeras (27), the activity of soluble
forms of AC also can be modulated by Ca21yCaM provided
that the C1b region of ACI is present.

Next, we investigated whether the different forms of soluble
ACs could be regulated by bg subunits. As demonstrated
previously by others (5, 13, 15), bg subunits, in a concentra-
tion-dependent manner, inhibited the activity of full-length
ACI (Fig. 3A). Likewise, consistent with previous findings that
ACV is not inhibited by bg subunits (reviewed in refs. 1 and
2), the soluble form of ACV (VC1zVC2) consisting of both C1
and C2 domains from ACV was not inhibited by bg subunits
(Fig. 3A). To determine which portion(s) of ACI is necessary
to observe the inhibition of activity mediated by bg subunits,
experiments were performed with the C1 or C1a and C2
regions of ACI mixed with the complementary domains of
ACV. When AC activity was reconstituted with C1 domain or
its N-terminal C1a region from ACI and C2 region of ACV
(IC1zVC2 and IC1azVC2, respectively), the Gsa*-stimulated
activity was inhibited by bg subunits in a manner similar to that
observed with the full-length ACI (Fig. 3A). On the other
hand, when the C2 region of ACI was reconstituted with C1
domain of ACV (VC1zIC2), Gsa*-stimulated activity was not
altered by bg subunits (Fig. 3A). These data demonstrate that
the C1a region of ACI is sufficient to observe inhibition of
enzyme activity by bg subunits of G proteins. To determine
whether the C1b region of ACI also contributed to inhibition
of activity by bg subunits of G proteins, the chimeric C1 region
comprising C1a of ACV and C1b of ACI (VC1aIC1b) was
reconstituted with C2 region of ACV (VC1aIC1bzVC2). The
Gsa*-stimulated AC activity of this enzyme was not altered by
bg subunits, indicating that the IC1b region alone is not
sufficient to observe bg-mediated inhibition. Interestingly,
however, when the C2 region of type I AC is used to recon-
stitute AC activity with VC1aIC1b, bg subunits inhibited the
Gsa*-stimulated enzyme as effectively as that observed with
the full-length ACI and IC1azVC2 (Fig. 3A). These findings,
coupled with the observations that neither C1b nor C2 regions
of ACI by themselves are sufficient to observe bg-mediated
inhibition of enzyme activity, suggest that the C1b and C2
domains of ACI interact with each other to form a bg
interacting site. This contention also is supported by the data
in Fig. 3B. Hence, when the activity of VC1aIC1bzIC2 was
elevated by Ca21yCaM, bg subunits of heterotrimeric G
proteins inhibited activity. However, Ca21yCaM-stimulated
activity of the VC1aIC1bzVC2 enzyme was not altered by bg
subunits (Fig. 3B). As expected, Ca21yCaM stimulated the
activity of IC1zVC2 AC, and this activity also was inhibited by
bg subunits in a concentration-dependent manner (Fig. 3B).
Taken together, the data in Fig. 3 demonstrate that the C1a
region of ACI is sufficient to observe bg-mediated inhibition
of enzyme activity and that the C1b and C2 domains of ACI
cooperate to form a bg interacting site that also permits these
latter G protein subunits to inhibit enzyme activity. The
requirement for both C1b and C2 regions of ACI to observe
bg effects is reminiscent of our previous findings that the C1b
region of ACV interacts with 10 amino acid regions on its C2

FIG. 2. Stimulation of adenylyl cyclase activity reconstituted by
mixing the cytosolic C1 and C2 regions of ACI andyor ACV. (A)
Adenylyl cyclase activity was measured under basal conditions or in the
presence of Gsa*. Either membranes of Sf9 cells expressing full-length
ACI or bacterial lysates expressing the C1 or C1a or chimeric C1 region
(VC1aIC1b) were mixed with lysates expressing C2 domains of ACI or
ACV to reconstitute enzyme activity. For all forms of AC shown, the
amount of Gsa* used was that required to maximally stimulate activity
(empirically determined). Except for mixtures of VC1zIC2 and full-
length ACI in which the maximally effective concentration of Gsa* was
120 nM, all other AC forms shown required 80 nM G protein. Shown
is the mean 6 SEM (n 5 3 experiments). (B) Membranes of Sf9 cells
expressing the full-length ACI and various mixtures of C1 or chimeric
C1 and C2 domains of ACI or ACV were assayed for adenylyl cyclase
activity in the presence and absence of CaM (500 nM). Ca21 was added
to these assays at a final concentration of 30 mM and was present under
basal conditions in the absence of CaM. The mean 6 SEM (n 5 3
experiments) is shown.
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domain and that this intramolecular interaction modulates the
ability of Gsa to stimulate enzyme activity (18).

Previously, studies from Iyengar’s laboratory have shown
that the conditional stimulation of type II AC (ACII) by bg
subunits can be inhibited by a peptide (QEHA) corresponding
to amino acids 956–982 in the C2 domain of ACII (28). This
peptide also inhibited the ability of bg subunits to activate
b-adrenergic receptor kinase, muscarinic K1 channels, and
phospholipase Cb (28). In addition, the peptide QEHA at-
tenuated the ability of bg subunits to inhibit calmodulin-
stimulated AC in rat brain membranes (28); whether the
peptide QEHA modulated bg subunit-mediated inhibition of
ACI was not determined in that study. Therefore, we investi-
gated whether the peptide QEHA could block the actions of
bg subunits on the soluble AC forms containing regions of
ACI. The peptide QEHA attenuated the ability of bg to inhibit
activity of the IC1azVC2 enzyme (Fig. 4A). Chen et al. (28)

demonstrated that the effects of bg on b-adrenergic receptor
kinase, phospholipase Cb, ACII, and muscarinic K1 channels
were not modulated by a control peptide, SKEE, correspond-
ing to the region (residues 1,000–1,026) on ACIII that is
cognate to that encompassed by QEHA in ACII. Consistent
with these observations, the SKEE peptide did not alter the
ability of bg subunits to inhibit the IC1azVC2 (Fig. 4A). The
peptide QEHA also obliterated the ability of bg subunits to
inhibit the activity of VC1aIC1bzIC2 (Fig. 4B); the control
peptide, SKEE, did not modulate the effects of bg (Fig. 4B).
These data (Fig. 4) demonstrate that the peptide QEHA,
which attenuates the effects of bg on several effectors (28), can
also obliterate the effects of bg on the C1a region of ACI and
the bg interacting site formed by C1b and C2 regions of ACI.
These observations are consistent with recent reports that have
shown that the effector-interacting domains on the b subunit
have overlapping regions (29, 30).

Studies from Gilman’s laboratory have demonstrated that
Gia can inhibit Ca21yCaM-stimulated activity of ACI (31);
inhibition of Gsa-stimulated ACI by Gia was very modest
(#10%; ref. 31). These findings, coupled with the recent report
of Dessauer et al. (32) that the C1a region on ACV is the site

FIG. 3. Inhibition of activity of different AC forms by bg subunits
of heterotrimeric G proteins. (A) AC activity in either membranes of
Sf9 cells expressing the full-length ACI or in mixtures of subdomains
from ACI and ACV was stimulated with Gsa*. The Gsa* concentra-
tions used were identical to those in Fig. 2A. The effect of various
concentrations of bg subunits to modulate AC activity was monitored.
Data are presented as percent inhibition of Gsa*-stimulated activity
and are the mean 6 SEM (n 5 3 experiments). (B) Same as A except
that the AC activity was stimulated by addition of CaM (500 nM). Ca21

was present at a final concentration of 30 mM. Percent inhibition of
Ca21yCaM-stimulated activity is shown as the mean 6 SEM (n 5 3
experiments).

FIG. 4. The peptide QEHA corresponding to amino acid residues
956–982 in ACII attenuates the ability of bg subunits to inhibit AC
activity. (A) IC1azVC2 form of AC was stimulated by Gsa* (80 nM).
The ability of bg subunits (200 nM) to inhibit Gsa*-stimulated activity
was monitored in the presence and absence of 200 nM each of the
peptides QEHA and SKEE; peptide SKEE corresponds to residues
1,000–1,026 in ACIII, the cognate region of peptide QEHA in ACII.
The mean 6 SEM (n 5 3 experiments) are shown. (B) Same as A
except that the VC1aIC1bzIC2 form of AC was used. The mean 6 SEM
(n 5 3 experiments) is presented.
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of Gia interaction, prompted us to investigate whether the Gia
site on ACI was also located on the same region. As demon-
strated by data in Fig. 5A, Gsa*-stimulated activity of the
full-length ACI expressed in Sf9 cells was not inhibited by Gia1.
Although a very modest inhibition by Gia of Gsa-stimulated
ACI has been reported (31), we could not observe this. This
difference probably relates to the fact that the Gia1 inhibition
of Gsa-stimulated ACI is very modest. Like the full-length ACI,
Gsa*-stimulated activity of IC1zVC2 also was not inhibited by
Gia1 (Fig. 5A). On the other hand, Gsa*-stimulated activity of
VC1aIC1bzVC2 and VC1aIC1bzIC2 was inhibited by Gia1 in a
concentration-dependent manner (Fig. 5A). These findings
demonstrate that the Gsa*-stimulated activity of ACI is not
altered by Gia1 and that Gia1 can inhibit Gsa*-stimulated
activity when the C1a region of ACV is present. Therefore,
consistent with the findings of Dessauer et al. (32), our data
also demonstrate that the VC1a region is sufficient to observe
Gia1-mediated inhibition of Gsa*-stimulated activity. This con-
tention is further supported by the data that VC1zVC2 and
VC1azVC2 forms of the soluble AC also were inhibited by Gia1
when the activity of these enzymes was stimulated by Gsa* (Fig.
5A). Notably, the VC1azVC2 form of AC was less sensitive to
inhibition by Gia1 than the VC1zVC2 form (Fig. 5A). Similar
results (data not shown) were also obtained with soluble ACs
in which the C1a or C1 domain of ACV is linked by an artificial
linker to the VC2 domain (17). These findings, like those of
Dessauer et al. (32), demonstrate that the C1b region of ACV
increases the sensitivity to inhibition by Gia. However, our
observations that VC1aIC1bzVC2 and VC1aIC1bzIC2 forms of
AC are more sensitive to inhibition by Gia1 than VC1azVC2
show that the C1b region of ACV can be swapped with a very
dissimilar but equivalent region from ACI to restore sensitivity
to Gia1-mediated inhibition. Thus, it would appear that the C1b
region of either ACI or ACV may alter the conformation of the
VC1a domain and permit better interactions with Gia1.

To demonstrate that the recombinant, myristoylated Gia1
was inhibiting AC activity in a specific manner, the experiment
depicted in Fig. 5B was performed. Essentially, Gia1 was
incubated with either guanosine 59-[g-thio]triphosphate or
GDPbS, and its ability to inhibit the VC1zVC2 form of soluble
AC that had been stimulated by Gia was monitored. As shown
in Fig. 5B, only the guanosine 59-[g-thio]triphosphate-bound
Gia1, and not GDPbS-bound Gia1, inhibited AC activity.

Next, we investigated whether Gia1 could inhibit ACI activity
that was stimulated by Ca21yCaM. As shown in Fig. 5C, Gia1

in a concentration-dependent manner inhibited either the
full-length ACI or IC1zVC2 activity that had been stimulated
by Ca21yCaM. IC1azVC2 form of AC is not stimulated by
Ca21yCaM (data not shown), and, therefore, experiments
concerning inhibition by Gia1 of this form of AC in the
presence of Ca21yCaM were not possible. Interestingly, when
the C1a region of ACV was linked to the C1b region of ACI
and mixed with C2 domain of either enzyme (i.e.,
VC1aIC1bzVC2 or VC1aIC1bzIC2), Gia1 inhibited Ca21yCaM-
stimulated activity (Fig. 5C). Overall, therefore, the data in
Fig. 5C demonstrate that the C1 region of ACI is necessary for
inhibition by Gia1 of Ca21yCaM-stimulated activity. Moreover,
the data in Fig. 5C with VC1aIC1b plus either VC2 or IC2 also
support the notion that the C1a region of ACV is sufficient to
observe inhibition of activity by Gia1.

In summary, the data presented here demonstrate that the
C1a region of ACI is sufficient to observe inhibition of its
activity by bg subunits of heterotrimeric G proteins. Moreover,
the C1b region of ACI interacts with its C2 domain, and the
presence of these two regions is also sufficient to observe bg
subunit-mediated inhibition of enzyme activity. Notably, nei-
ther the C1b nor the C2 domains of ACI by themselves are
sufficient to interact with bg subunits and inhibit enzyme
activity. Concerning the inhibition of ACI activity by Gia1, our
data demonstrate that the C1 region of the enzyme is involved
with interactions with the G protein. As demonstrated by
Dessauer et al. (32), we also found that the C1a region of ACV
is sufficient to observe inhibition by Gia1; sensitivity to inhi-
bition by Gia1 could be augmented in the presence of C1b
region of either ACV or ACI. Unfortunately, we could not
determine whether the C1a region alone of ACI was sufficient
to inhibit enzyme activity by Gia1 because Gsa*-stimulated
activity of ACI was not inhibited by Gia1 and the C1b region
was required to stimulate enzyme activity by Ca21yCaM so
that the inhibitory actions of Gia1 could be studied. Neverthe-
less, our data demonstrate that, in the two different isoforms
of AC that are inhibited by Gia1, the G protein interacts with
the C1 domain.
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FIG. 5. Inhibition of activity of various forms of AC by Gia1. (A) The activity of full-length ACI and mixtures of C1 or C1a or chimeric C1
(VC1aIC1b) and C2 regions of ACV or ACI was stimulated by Gsa* as described in Fig. 2A. The effects of various concentrations of recombinant,
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