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SUMMARY

We reported earlier that inhibition of adenylyl cyclase activity is
a mechanism involved in desensitization of the A2a adenosine
receptor-mediated cCAMP response (A2a desensitization) in rat
pheochromocytoma PC-12 cells. Here, we investigated the
molecular mechanism that modulates adenylyl cyclase activity
during A2a desensitization. Reversible inhibition of forskolin-
evoked adenylyl cyclase activity in desensitized cells occurred
after incubation with an A2a-selective adenosine agonist
(CGS21680). However, when okadaic acid (a relatively protein
phosphatase 2A-specific phosphatase inhibitor) was added af-
ter agonist removal, adenylyl cyclase activity did not recover.
Okadaic acid caused significant dose-dependent inhibition of
adenylyl cyclase activity in intact PC-12 cells. Prolonged expo-
sure of okadaic acid-treated PC-12 cells to adenosine agonists
did not evoke further inhibition, suggesting that the inhibition of
adenylyl cyclase activity during A2a desensitization may oper-
ate through a pathway that overlaps with the increased phos-

phorylation caused by okadaic acid. Inclusion of calcium in the
adenylyl cyclase assay significantly inhibited cyclase activity,
indicating that PC-12 cells contain Ca?*-inhibitable type VI
adenylyl cyclase (AC6). This was confirmed by polymerase
chain reaction-based detection of AC6 cDNA. Furthermore,
incubation of PC-12 cell membrane fractions with purified pro-
tein phosphatase 2A or coexpression of protein phosphatase
2A with AC6 in COS-1 cells significantly increased AC6 activity.
To reduce the possible influence of G, protein, we substituted
guanosine-5'-O-(2-thio)diphosphate and MnCl, for GTP and
MgCl,, respectively, in some cyclase assays and found that the
suppression of AC6 during A2a desensitization and okadaic
acid treatment remained largely unchanged. Taken together,
these data suggest that phosphorylation of AC6 might account
for the inhibition of adenylyl cyclase activity during A2a desen-
sitization in PC-12 cells.

Adenosine modulates a wide variety of physiological re-
sponses through specific receptors (1). At least four distinct
adenosine receptor subtypes (Al, A2a, A2b, and A3), which
associate with adenylyl cyclase to regulate intracellular
cAMP content in response to extracellular adenosine, have
been reported (2, 3). As with many other G protein-coupled
receptors, prolonged activation of the A2a receptor signifi-
cantly inhibits the response of the cells to subsequent stim-
ulation (A2a desensitization). In rat pheochromocytoma
PC-12 cells, we previously found no significant change in the
number of binding sites or their affinity for adenosine ago-
nists during A2a desensitization. Instead, inhibition of ad-
enylyl cyclase, down-regulation of G,, protein levels, and
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activation of phosphodiesterase apparently contribute to A2a
desensitization (4).

Genes of at least eight distinct mammalian adenylyl cycla-
ses, which can be further divided into five subfamilies, have
been reported. The specific tissue distribution of these differ-
ent adenylyl cyclases supports biochemical evidence for dis-
tinct modes of regulation of cAMP levels (5, 6). These en-
zymes can all be activated by the a subunit of G, proteins. In
addition, some adenylyl cyclases (types I, III, VI, and VIII)
can be modulated by Ca%?* (and calmodulin) in a cooperative
feedback manner (7). Recently, phosphorylation of adenylyl
cyclases has also been suggested to regulate their activity (8,
9). Nevertheless, each adenylyl cyclase type may undergo a
distinct mode of regulation by phosphorylation (9).

Regulation of protein phosphorylation is well recognized as
one of the most important mechanisms for controlling vari-

ABBREVIATIONS: PP2, protein phosphatase 2; PP1, protein phosphatase 1; PCR, polymerase chain reaction; OKA, okadaic acid; AC2, -4, -5,
and -6, adenylyl cyclase types Ii, IV, V, and V1, respectively; 8-PT, 8-phenyitheophyliine; PKA, CAMP-dependent kinase; bp, base pair(s); PMSF,
phenyimethyisulfonyl fluoride; CHO, Chinese hamster ovary; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol
bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid; IBMX, 3-isobutyl-1-methyixanthine; GDPBS, guanosine-5'-O-(2-thio)diphosphate.
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ous biological activities. Both kinases and phosphatases are
required to maintain the proper level of phosphorylation of a
wide variety of cellular proteins. Two major classes of mam-
malian serine/threonine protein phosphatases (type 1 and
type 2) have been characterized on the basis of their speci-
ficity for phosphoprotein substrates and their sensitivity to
two thermostable protein inhibitors (10). The PP2s can be
further divided into three subgroups, PP2A, PP2B, and
PP2C, which are distinct from one another on the basis of
their different divalent cation requirements. To explore the
potential physiological roles of these protein phosphatases,
several protein phosphatase inhibitors (including OKA) have
been developed and made commercially available. OKA is a
potent and relatively PP2A-specific phosphatase inhibitor
that inhibits both PP2A (K; = 0.2 nm) and PP1 (K; = 20 nM)
(11). Most importantly, this polyether derivative of a Cgq
fatty acid readily permeates cell membranes. Therefore, OKA
has been widely used to investigate the role of protein phos-
phatases in various types of cellular regulation in intact cells.

In this report, we use an A2a-selective agonist, PP2A, and
a relatively PP2A-specific inhibitor (OKA) to address the
question of whether protein phosphorylation plays a role in
regulating adenylyl cyclase activity during A2a desensitiza-
tion and, if so, which types of adenylyl cyclase are involved.
Our data strongly, although indirectly, support the hypoth-
esis that protein phosphorylation of AC6 may account for the
inhibition of adenylyl cyclase activity during prolonged expo-
sure of PC-12 cells to adenosine agonists.

Experimental Procedures

Materials. Adenosine agonists and antagonists were obtained
from Research Biochemicals (Natick, MA). cAMP and ATP were
obtained from Sigma Chemical Co. (St. Louis, MO). OKA was from
Boehringer Mannheim Biochemica (Mannheim, Germany). Purified
human PP2A was from Upstate Biotechnology (Lake Placid, NY).

Cell culture. PC-12 cells (CRL 1721) were originally obtained
from the American Type Culture Collection and were maintained in
Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY) sup-
plemented with 5% fetal bovine serum (Gibco) plus 10% horse serum
(Gibco), in an incubation chamber gassed with 10% C0O,/90% air at
37°. COS-1 cells were also from the American Type Culture Collec-
tion and were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, in §% C0,/90% air.

PCR. DNA amplification was carried out in a solution containing
10 mM Tris-HCI, 50 mm KCl, 1.5 mm MgCl,, 0.001% (w/v) gelatin, 1
ug of the desired primers, 0.2 mM levels of each deoxynucleoside
triphosphate, DNA template, and 2.5 units of Thermus aquaticus
DNA polymerase (Perkin Elmer Cetus, Norwalk, CT), in 50 ul of
reaction solution. The reaction proceeded for 40 PCR cycles (94° for
1 min, 556° for 1 min, and 72° for 4 min). The primers for AC5 and
AC6 were as follows: 5-CGGAAAGARGAGAAGGCCATG and 5'-
GCG(A/G)GC(A/G)GT(A/G)GATTCCACCTG (8). To amplify AC5 and
AC6 cDNA fragments from PC-12 cells, 1 ug of poly(A)* was used to
prepare cDNA using Moloney murine leukemia virus reverse tran-
scriptase [Riboclone oligo(dT) cDNA Syn-system; Promega, Madison,
WIJ. One twentieth of the cDNA product was then used as template
in each 50-ul PCR, as described above.

Adenylyl cyclase assay. Adenylyl cyclase activity was assayed
as described previously (4). In brief, cells were washed three times to
remove agonist and were resuspended in lysis buffer (10 mM EDTA,
20 mM Tris'HCI, 250 mM sucrose, 1 mM 1,4-dithiothreitol, 0.1 mM
PMSF, 40 uM leupeptin, pH 7.4). We then sonicated the cells using a
W-380 sonicator (Ultrasonics), at a setting of 20% output power, for
a total of 45 sec. The homogenate was centrifuged at 40,000 X g for

30 min to collect the membrane fraction. In those experiments with
elevated calcium concentrations, membrane preparations were
washed two more times with ice-cold HDLP buffer (20 mm HEPES,
0.5 mM 1,4-dithiothreitol, 0.1 mM leupeptin, 40 mmM PMSF, pH 7)
containing 1 mM EGTA, to remove the endogenous calcium and
calmodulin (12). The adenylyl cyclase activity assay was performed
at 37° for 10 min, in a 400-pl reaction mixture containing 1 mm ATP,
100 mM NaCl, 0.4 unit of adenosine deaminase, 50 mM HEPES, 6 mM
MgCl,, 1 uM GTP, and 20-50 ug of membrane protein. In some
experiments, as indicated, 500 uM GDPBS and 10 mmM MnCl, were
used to substitute for GTP and MgCl,, respectively, to minimize the
influence of G,, protein in forskolin-evoked adenylyl cyclase activity.
Reactions were stopped with 0.6 ml of 10% trichloroacetic acid. The
cAMP formed was isolated by Dowex chromatography (Sigma) and
assayed by radiocimmunoassay using a 12°I-cAMP assay system (Am-
ersham International). No significant difference was found with
addition of 20 mM creatine phosphate (Sigma), 100 units/ml creatine
phosphokinase (Sigma), or 0.5 mM IBMX to the cyclase reaction, in
the presence or absence of elevated calcium. IBMX was omitted from
the cyclase assay unless indicated otherwise, because this phosphodi-
esterase inhibitor has additional modes of action, including inhibi-
tion of adenosine receptors (13) and interference with the binding of
cAMP to protein kinase A (14). Also, addition of calcium to the
cyclase assay did not evoke any detectable phosphodiesterase activ-
ity in control or desensitized membranes. Inclusion of an adenosine
antagonist, 8-PT (10 uM), had no detectable effect on the basal or
forskolin-evoked adenylyl cyclase activities. The enzyme activity was
linear up to 20 min with membrane protein amounts up to 100 ug.
All samples were assayed in triplicate.

Phosphodiesterase assay. PC-12 cells were washed twice with
ice-cold phosphate-buffered saline, resuspended in lysis buffer (20
uM leupeptin, 1 mM PMSF, 10 mM NaF, 50 mM benzamidine, 50 mm
Tris-HCI, pH 8), and then sonicated using a W-380 sonicator (Ultra-
sonics), at a setting of 20% output power, for a total of 45 sec. The
homogenate was centrifuged at 800 X g for 10 min to remove insol-
uble materials. The supernatants were collected for the phosphodi-
esterase assay as described previously (4). In brief, the phosphodi-
esterase assay was carried out in phosphodiesterase buffer
containing 45 mM Tris'HCl, pH 7.7, 0.1 mM MgSO,, 1 uM [2,8-
SH]cAMP (31.4 Ci/mmol; NEN-DuPont), and 50 ug of protein, in a
total volume of 200 ul. The reaction mixture was incubated for 5 min
at 30°, frozen in a dry ice/ethanol bath to terminate the reaction, and
boiled for 1 min. Snake (Crotalus atrox) venom (20 ug) was added to
each tube, and the tubes were incubated at 30° for 30 min. [*H]Ade-
nosine was isolated using acidic alumina. The enzyme activity was
linear up to 10 min with 50 ug of protein. All samples were assayed
in triplicate.

Transfection. The rat AC6 cDNA was a generous gift from Dr. R.
Iyengar (Mount Sinai School of Medicine, City University of New
York) (15). The bovine PP2A ¢cDNA was isolated from a bovine
adrenal chromaffin cDNA library (16). The cDNAs for AC6 and PP2A
were subcloned separately into the EcoRI site of pMT,, a eukaryotic
expression vector. Transient expression of cDNAs was performed
using a DEAE-dextran protocol modified by 0.1 mM chloroquine
treatment (17). Three days after transfection, the adenylyl cyclase
activities in the transfected cells were assayed as described above.

Results

To study the desensitization of A2a adenosine receptor-
mediated cAMP elevation, PC-12 cells were treated with an
A2a-sgelective agonist (CGS21680, 2.5 uM) for 30 min (Fig. 1).
As we reported earlier (4), the adenylyl cyclase activity
evoked by forskolin was significantly inhibited in the
CGS21680-desensitized cells (Fig. 1). To ensure that the
changes in cAMP levels reflected changes in adenylyl cyclase
activity and not changes in phosphodiesterase or adenosine
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Fig. 1. Effects of a phosphodiesterase inhibitor (IBMX) and an aden-
osine antagonist (8-PT) on inhibition of adenylyl cyclase activity during
A2a desensitization. Membrane fractions were prepared from PC-12
cells that had been pretreated with or without CGS21680 (2.5 um) for 30
min to trigger A2a desensitization, as indicated. Basal and forskolin (Fk)
(5 mum)-evoked adenylyl cyclase activities were measured in the ab-
sence (A) or presence (B) of IBMX (0.5 mm) and 8-PT (10 um). The
results are from one representative experiment of three independent
experiments performed.

receptor-mediated adenylyl cyclase activity, we examined the
effects of a phosphodiesterase inhibitor (IBMX) and an aden-
osine antagonist (8-PT) in our adenylyl cyclase assays. As
shown in Fig. 1, addition of 8-PT and IBMX in our adenylyl
cyclase assays had no detectable effect on the basal or fors-
kolin-stimulated adenylyl cyclase activities. Most impor-
tantly, these reagents also had no effect on the inhibition of
adenylyl cyclase activity during A2a desensitization.

To explore the molecular mechanism underlying the inhi-
bition of adenylyl cyclase activity during A2a desensitization,
PC-12 cells at 70% confluency were treated with an A2a-
selective agonist (CGS21680, 2.5 um) for 30 min to trigger
desensitization. A typical 64 + 1% inhibition of the forskolin-
evoked adenylyl cyclase activity was observed in desensitized
membranes (Fig. 2). This inhibition of adenylyl cyclase activ-
ity appeared to be reversible, because incubation of the de-
sensitized membranes in the absence of agonist for 30 min
restored the adenylyl cyclase activity to a level comparable to
that of the control membranes. Interestingly, addition of a
potent and relatively selective PP2A inhibitor (OKA, 10 nm)
completely blocked the recovery of adenylyl cyclase activity
from A2a desensitization. These data imply that protein
phosphorylation may be involved in the regulation of adeny-
lyl cyclase activity during A2a desensitization.

To assess the role of protein phosphorylation in regulating

the activity of adenylyl cyclase during A2a desensitization,
PC-12 cells were exposed to various concentrations of OKA
for 30 min to block the endogenous protein phosphatase
activity. We then measured the adenylyl cyclase activity of
the cells. As shown in Fig. 3, OKA inhibited the adenylyl
cyclase activity in a dose-dependent manner. Maximal inhi-
bition (83 * 1% inhibition) occurred at 0.3 nM OKA. No
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Fig. 2. Reversibility of the inhibition of adenylyl cyclase activity during
A2a desensitization. Membrane fractions were from PC-12
cells that had been pretreated with or without CGS21680 (2.5 um) for 30
min, as indicated. To allow for recovery of adenylyl cyclase activity after
A2a desensitization, the membrane fractions were resuspended in as-
say buffer and allowed to remain on ice for the indicated periods of time
to recover in the absence of agonist. Where indicated, OKA (10 nm) was
added to the assay buffer to prevent dephosphorylation. Adenylyl cy-
clase activities in response to forskolin (5 um) were then assayed as
described in Experimental Procedures. Values represent the mean *
standard error of at least nine determinations (three determinations in
three independent experiments) and are expressed as percentages of
the adenylyl cyclase activity (217 = 18 pmol/mg/min) in control non-
desensitized membranes without the recovery incubation.
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Fig. 3. Dose-response curve for OKA inhibition of adenylyl cyclase
activity in PC-12 cells. Cells were treated with OKA at the indicated
concentration for 30 min. Membrane fractions were collected. Adenylyl
cyclase activities in response to forskolin (5 um) were then assayed.
Values represent the mean * standard error of three determinations
and are expressed as percentages of the adenylyl cyclase activity (233
* 7 pmol/mg/min) in control non-OKA-treated membranes. The results
are from one representative experiment of three independent experi-
ments performed.
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significant effect of the carrier (0.01% ethanol) on the cyclase
activity was observed.

Given that inhibition of adenylyl cyclase activity occurred
both in A2a-desensitized cells and in OKA-treated cells, it is
reasonable to hypothesize that protein phosphorylation may
mediate the suppression of adenylyl cyclase activity that
occurs during A2a desensitization. To investigate that possi-
bility, cells were treated with or without OKA for 30 min and
then exposed to CGS21680 to induce desensitization. At 0.3
nM, OKA alone caused a typical 70 = 2% inhibition of fors-
kolin-stimulated adenylyl cyclase activity. Most interest-
ingly, no further inhibition of adenylyl cyclase activity was
observed in OKA-treated cells after a subsequent 30-min
incubation with CGS21680, whereas the same treatment
resulted in a 68 * 9% inhibition in non-OKA-treated cells
(Fig. 4). Because the inhibition of adenylyl cyclase activity by
OKA treatment and by prolonged exposure of PC-12 cells to
CGS21680 appeared to give similar results, these two treat-
ments may regulate adenylyl cyclase activity through the
same mechanism, which results in enhancement of the level
of phosphorylation of adenylyl cyclase.

To further investigate the effect of phosphorylation on
adenylyl cyclase activity, we identified the adenylyl cyclase
profile in PC-12 cells. The effect of Ca?*, which activates type
I, III, and VIII adenylyl cyclases and inhibits AC6, on the
adenylyl cyclase activity in PC-12 cells was examined. As
shown in Fig. 5A, the cyclase activities stimulated by
CGS21680 and by forskolin were both significantly reduced
in the presence of calcium. The CGS21680-induced adenylyl
cyclase activity was reduced essentially to basal levels,
whereas only 76 * 2% of the forskolin-induced adenylyl cy-
clase activity was inhibited. These data demonstrated the
existence of AC6 in PC-12 cells. In addition, AC6 is likely to
be the predominant adenylyl cyclase associated with the A2a

120
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Fig. 4. Effect of OKA on A2a desensitization. Cells were treated with or
without OKA for 30 min, as indicated. The A2a-selective adenosine
agonist CGS21680 was then added to the medium for another 30 min
to induce desensitization. Adenylyl cyclase activity was then measured
in membrane fractions prepared from these cells. Values represent the
mean * standard error of at least nine determinations (three determi-
nations in three independent experiments) and are expressed as per-
centages of the adenylyl cyclase activity (184 + 8 pmol/mg/min) in
control nontreated membranes.
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Fig. 5. Existence of AC6 activity in PC-12 cells. A, Membrane fractions
were collected from PC-12 cells, washed twice in an EGTA-containing
buffer to remove endogenous calcium, and resuspended in an EGTA/
calcium-containing buffer to control the free calcium concentration at 0
or 30 um for adenylyl cyclase assays. Values represent the mean +
standard error of three determinations. The results are from one rep-
resentative experiment of three independent experiments performed.
CGS, CGS21680; FK, forskolin. B, PCR-based detection of the mRNA
for AC5 and AC6 is shown. Two oligonucleotides were used as primers
to specifically amplify DNA fragments from both ACS5 and AC6, as
described in Experimental Procedures. The predicted size of the am-
plified DNA fragments from both AC5 and AC6 is 1095 bp. The AC6
1095-bp band can be digested into 300-bp and 795-bp fragments by
Xhol, whereas the AC5 1095-bp band can be digested into 220-bp and
875-bp bands by Sacl. One third of the PCR product was used in the
digestion reactions with the indicated restriction enzyme and was ex-
amined by ethidium bromide-agarose (1%) electrophoresis. The left-
most and rightmost lanes are size markers. These data suggest the
existence of AC6 but not AC5 in PC-12 cells.

adenosine receptor in PC-12 cells. To verify the existence of
AC6 in PC-12 cells, we used PCR to detect the transcripts of
both AC5 and AC6 (Fig. 5B). A 1095-bp DNA fragment was
amplified from PC-12 mRNA by the reverse transcription-
PCR technique, using a set of primers that can amplify a
1095-bp DNA fragment from either AC5 or AC6. This
1095-bp DNA fragment amplified from AC6 cDNA can be
digested into 300-bp and 795-bp fragments by Xhol, whereas
that amplified from AC5 cDNA can be digested into 220-bp
and 875-bp bands by Sacl (15). Our data suggest that AC6
but not AC5 exists in PC-12 cells. Because 24 * 2% of the
forskolin-evoked adenylyl cyclase activity was insensitive to
calcium (Fig. 5A), other adenylyl cyclase subtypes, in addi-
tion to AC6, might exist in PC-12 cells.

To determine whether AC6 activity is reduced during A2a
desensitization, we examined the effect of calcium on adeny-
lyl cyclase activity in control cells and in desensitized cells.
Again, a typical 70 * 10% inhibition of adenylyl cyclase
activity was observed during A2a desensitization (Fig. 6). In
control membranes, calcium suppressed 62 *+ 13% of the
forskolin-evoked cyclase activity. When calcium was added to
the desensitized membranes, only a very slight decrease in
the total cyclase activity was found, compared with the de-
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Fig. 6. Inhibition of AC6 activity during A2a desensitization. Membrane
fractions were collected from control or agonist-desensitized (2.5 um
CGS21680 for 30 min) cells. Adenylyl cyclase activity was assayed in
the presence or absence of Ca?*, as described for Fig. 5A. Values
represent the mean *+ standard error of at least 15 determinations
(three determinations in five independent experiments) and are ex-

pressed as percentages of the adenylyl cyclase activity (191.5 = 39
pmol/mg/min) in control membranes.

crease in control membranes in the presence of calcium.
These data suggest that the activity of AC6 is markedly
inhibited during A2a desensitization.

Furthermore, down-regulation of AC6 activity took place in
the same time frame as did the down-regulation of forskolin-
evoked total adenylyl cyclase activity during A2a desensiti-
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Fig. 7. Time course of inhibition of AC6 activity during A2a desensiti-
zation. Membrane fractions were prepared from these cells as de-
scribed in Experimental Procedures. Adenylyl cyclase activities in re-
sponse to forskolin (5 um) were assayed. The AC6 activity in these
membranes represents the difference between the forskolin (5 um)-
evoked adenylyl cyclase activities assayed in the absence and in the
presence of 30 um free calcium, as described for Fig. 4. Each assay was
carried out in triplicate. The results are from one representative exper-
iment of at least three independent experiments performed. ®, AC6
activity; O, forskolin-stimulated total adenylyl cyclase activity.
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zation (Fig. 7). After the first 30 min of incubation with
CGS21680, 86 + 4% of AC6 activity and 80 + 2% of the total
adenylyl cyclase activity were inhibited in PC-12 cells.
Longer incubation (17 hr) with CGS21680 resulted in only a
slight additional inhibition of both AC6 activity and total
adenylyl cyclase activity. These data strengthened our hy-
pothesis that AC6 is the major adenylyl cyclase that is sup-
pressed during A2a desensitization.

To investigate whether the inhibition of AC6 activity in
desensitized PC-12 cells is mediated through protein phos-
phorylation, we examined the effect of OKA on AC6 activity.
The calcium-inhibitable AC6 activity represented 70 + 9% of
total adenylyl cyclase activity in control membranes. In ad-
dition, OKA inhibited 74 + 8% of the total adenylyl cyclase
activity. Importantly, only a very minor portion of the adeny-
lyl cyclase was further inhibited by calcium in the OKA-
treated membranes. Thus, AC6 appears to be the major tar-
get for protein phosphorylation, because inhibition of
adenylyl cyclase activity in PC-12 cells by OKA almost com-
pletely diminished the CaZ*-inhibitable adenylyl cyclase ac-
tivity (Fig. 8).

To reduce the possible influence of G, on adenylyl cyclase
activity (18), we substituted GDPBS and MnCl, for GTP and
MgCl,, respectively, in our adenylyl cyclase assay (Fig. 9).
Although GDPBS/MnCl, markedly reduced the Ca%*-inhib-
itable, forskolin-stimulated adenylyl cyclase (AC6) activity,
suppression of AC6 activity during A2a desensitization (Fig.
9A) and during OKA treatment (Fig. 9B) remained largely
the same. These results suggest that a change in G, activity
is not necessary, under these conditions, to inhibit AC6 ac-
tivity. We have also measured the effect of OKA on phosphodi-
esterase, which is responsible for the hydrolysis of cAMP. As
shown in Table 1, only a very slight (~10%) inhibition by
OKA (10 nM) was consistently observed.
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Fig. 8. OKA inhibition of the AC6 activity in PC-12 cells. Membrane
fractions were collected from control or OKA-treated (0.3 nm OKA for 30
min) cells. Adenylyl cyclase activity was assayed in the presence or
absence of calcium as indicated. Values represent the mean * stan-
dard error of at least 15 determinations (three determinations in five
independent experiments) and are expressed as percentages of the
adenylyl cyclase activity (197 + 22 pmol/mg/min) in control mem-
branes.
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Fig. 9. Evidence that suppression of forskolin-evoked AC6 activity
was largely independent of a change in G, activity. A, PC-12 cells were
treated with or without CGS21680 (2.5 um) for 30 min to evoke A2a
desensitization. Adenylyl cyclase activity was then measured in the
presence of GTP (1 um)/MgCl, (6 mm) or GDPBS (500 um)/MnCl, (10
mwm) as indicated. AC6 activity in these membranes represents the
difference between the forskolin (5 um)-evoked adenylyl cyclase activ-
ities assayed in the absence and in the presence of Ca?*. The results
are from one representative experiment of three independent experi-
ments performed. B, PC-12 cells were treated with or without OKA (10
nM) for 60 min. Adenylyl cyclase activity was then measured in the
presence of GTP (1 um)/MgCl, (6 mm) or GDPBS (500 um)/MnCl, (10
mM) as indicated. AC6 activity in these membranes represents the
difference between the forskolin (5 um)-evoked adenylyl cyclase activ-
ities assayed in the absence and in the presence of Ca®*. The results
are from one representative experiment of four independent experi-
ments performed.

To further examine the effect of protein phosphorylation on
AC6, we incubated purified human PP2A with the membrane
fraction of PC-12 cells and then measured the adenylyl cy-
clase activity in the presence of GTP/MgCl, or GDPBS/

TABLE 1

Effect of OKA on phosphodiesterase activity

PC-12 cells were treated with or without OKA (10 nm) for 30 min. The phosphod-
iesterase activity was assayed as described in Experimental Procedures. The
results are from one representative experiment of three independent experiments
performed.

Treatment Phosphodiesterase activity
pmol/mg/min
None 25.6 + 0.9
OKA 223 + 0.8

“ Value that is significantly different (p < 0.05) between untreated cells and
treated cells, based on two-tailed Student’s t test.

TABLE 2

Increase of AC6 activity by PP2A in PC-12 cells

Membrane fractions (120 ug/reaction) were collected from PC-12 cells and
incubated with or without PP2A (0.1 unit) on ice for 30 min. AC6 activity in these
membranes represents the difference between the forskolin (5 um)-evoked ad-
enylyl cyclase activities assayed in the absence and in the presence of Ca2*. To
reduce the possible influence of G, protein in the forskolin-evoked adenylyl
cyclase activity, GDPBS (500 um) and MnCl, (10 mm) were substituted for GTP
(1 nm) and MgCl, (6 mm), respectively, in the cyclase assay reactions, as indi-
cated. The resuits are from one r ive experiment of at least four inde-
pendent experiments performed. One unit of PP2A releases 1 nu phosphate/min
from 15 mm phosphorylase at 30°.

rySreren
Exogenous PP2A GTPMGCI, GDPBS/MNCl, Ca?*-inhibitable AC6

activity
pmol/mg/min
0 + - 232 + 16
0.1 unit + - 411+ 11
0 - + 99 + 10
0.1 unit - + 166 = 27

MnCl,. Under either set of conditions, PP2A dramatically
increased the AC6 activity (Table 2). In addition, we co-
transfected COS-1 cells with AC6 and PP2A. Both AC6 and
PP2A were subcloned separately into the pMT, expression
vector, which contains a simian virus 40 origin of replication
and therefore allows high-level expression of the desired
protein in COS-1 cells. These cells were chosen because they
are relatively easily transfected. In COS-1 cells transfected
with PP2A, the cellular phosphatase activity was increased
to twice the level in untransfected cells, using p-nitrophenyl
phosphate as the substrate (data not shown). As shown in
Table 3, AC6 was also expressed in COS-1 cells. Expression
of PP2A alone in COS-1 cells enhanced the endogenous AC6
activity (Table 3). Overexpression of the rat AC6 cDNA in
COS-1 cells increased the total AC6 activity to almost twice
that in untransfected cells. More importantly, coexpression
of AC6 with PP2A significantly enhanced the transfected

TABLE 3

Enhancement of the AC6 activity by coexpression of PP2A and
ACS in COS-1 cells

COS-1 cells were transfected with pMT,-based construct(s) containing the indi-
cated cDNA(s). After 72 hr, membrane fractions were prepared from these cells.
The AC6 activity in these membranes represents the difference between the
forskolin (5 um)-evoked adenylyl cyclase activities assayed in the absence and in
the presence of Ca2*. The results are from one representative experiment of six
independent transfection experiments performed.

DNA transfected Ca?*-inhibitable AC6 activity
pmol/mg/min

Vector 311

AC6 59+5

PP2A §56+7

AC6 + PP2A 115+ 4
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AC6 activity. These results are in good agreement with our
hypothesis that protein phosphorylation regulates AC6 ac-
tivity. Again, G,, appeared to play no significant role in the
enhancement of AC6 activity by PP2A.

Discussion

Prolonged exposure of PC-12 cells to adenosine agonists
significantly inhibits the adenylyl cyclase activity, which con-
tributes to a lower response to subsequent stimulation with
adenosine agonists (A2a desensitization). In this report, our
data suggest that protein phosphorylation may mediate the
suppression of adenylyl cyclase activity during A2a desensi-
tization. In addition, AC6 appears to be the major adenylyl
cyclase involved in A2a desensitization in PC-12 cells. Fur-
thermore, PP2A plays a very important role in the regulation
of AC6 activity during A2a desensitization.

Regulation of the eight different adenylyl cyclase activities
has lately attracted much attention in the field of signal
transduction. Although these adenylyl cyclases all exhibit
the same enzyme activity and have very similar topologies
(6), each adenylyl cyclase may undergo distinct regulation
and may thus serve as a specialized coincidence detector (19).
In PC-12 cells, we have demonstrated the existence of a
Ca®*-inhibitable adenylyl cyclase, AC6 (Fig. 5). Further-
more, AC6 appears to be the dominant adenylyl cyclase as-
sociated with the A2a adenosine receptor-mediated signal
transduction pathway in PC-12 cells, because calcium almost
completely abolished CGS21680-stimulated adenylyl cyclase
activity (Fig. 5A). In addition, the time course of AC6 inhibi-
tion during A2a desensitization correlated very well with
that of forskolin-evoked total adenylyl cyclase activity (Fig.
7). When the cytosolic Ca?* concentration was raised in
intact PC-12 cells by ionomycin in the presence of extracel-
lular calcium, the CGS21680-induced increase in cellular
cAMP content was also inhibited, to almost basal levels (data
not shown). The existence of AC6 in PC-12 cells provides an
important pathway to integrate calcium levels and adeno-
sine-induced cAMP signaling in PC-12 cells. Furthermore,
regulation of AC6 activity may result in modification of the
adenosine response in these cells. Using the same PCR tech-
nique as described for Fig. 5B with two other sets of primers,
for AC2 and AC4, we have also identified the presence of
AC4, but not AC2, in PC-12 cells (data not shown), which is
consistent with our observation of “Ca®*-insensitive” adeny-
Iyl cyclase activity in PC-12 cells (Fig. 5A).

PKA-mediated protein phosphorylation has recently been
suggested to regulate the lowered responsiveness of adenylyl
cyclase to glucagon stimulation during heterologous desensi-
tization in chick hepatocytes (8). There is at least one pre-
dicted PKA phosphorylation site in all adenylyl cyclases,
except for AC4. In addition, protein kinase C has been re-
ported to markedly enhance AC2 activity (9). Because acti-
vation of the A2a adenosine receptor results in an increase in
the intracellular cAMP content, PKA must be activated dur-
ing A2a desensitization. However, treatment with dibutyryl-
cAMP or forskolin did not reproduce the inhibition of adeny-
1yl cyclase activity during A2a desensitization in PC-12 cells
(4). Thus, it is unlikely that PKA plays a role in the inhibition
of AC6 during A2a desensitization. Regulation of the phos-
phorylation state of AC6 may result from activation of an
unknown kinase or inactivation of PP2A during A2a desen-
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sitization. Inactivation of PP2A by phosphorylation in re-
sponse to insulin has recently been reported (20). To demon-
strate directly that the phosphorylation level of AC6 is
elevated during A2a desensitization, we are in the process of
preparing a polyclonal antibody against AC6. Further char-
acterization of AC6 phosphorylation is essential for studying
the regulation of AC6 during A2a desensitization.

Agonist-induced reduction of the number of cell surface
receptors, as well as receptor phosphorylation, has been im-
plicated in desensitization of many G protein-coupled recep-
tor-mediated responses (21). In PC-12 cells, we found no
significant decrease in the expression of endogenous A2a
adenosine receptors during A2a desensitization. Instead, in-
hibition of adenylyl cyclase after short term agonist treat-
ment, down-regulation of G, protein levels after long term
agonist treatment, and activation of phosphodiesterase after
long term agonist treatment resulted in A2a desensitization
(4). Although agonist-stimulated in vivo phosphorylation of
transfected canine A2a adenosine receptors in CHO cells was
recently reported (22), the relevance of this process to func-
tional A2a desensitization remains to be proven. Those au-
thors suggested that phosphorylation of A2a adenosine re-
ceptors may selectively diminish productive interaction
between the A2a adenosine receptor and G,,,, although direct
measurements of the A2a adenosine receptor-stimulated GT-
Pase activity in control and desensitized cells were not avail-
able. Intriguingly, the adenylyl cyclase activity triggered by
sodium fluoride or forskolin was not at all affected in desen-
sitized CHO cells (22). Such discrepancy between the mech-
anisms underlying A2a desensitization characterized in
PC-12 cells (with endogenous A2a adenosine receptors) and
in CHO cells (with transfected canine A2a adenosine recep-
tors) is not totally surprising and may result from differences
in the cAMP signaling systems in these cells. For example,
each cell line might contain different subtypes of adenylyl
cyclase and thus undergo distinct regulation, as discussed
above.

Although much less well known, protein phosphatases are
as important as protein kinases in cellular regulation. At
least four PP1s, two PP2As, three PP2Bs, and a phosphatase
X exist in PC-12 cells (23). Each phosphatase might play a
distinct role in the control of phosphoprotein functions. Until
now, very little information has been available concerning
the structural basis for the substrate specificity of the serine/
threonine protein phosphatases. The physiological mecha-
nisms that might activate these protein phosphatases are
also largely unknown. Although OKA inhibits both PP2A and
PP1, the affinity of OKA for PP2A is at least 100-fold higher
than that for PP1 (11). Our use of a subnanomolar concen-
tration of OKA to inhibit the AC6 activity suggests that
PP2A, but not PP1 or other protein phosphatases, plays an
important role in the regulation of adenylyl cyclase activity
during A2a desensitization. This hypothesis is further
strengthened by the observations that PP2A enhanced
the AC6 activity in PC-12 cells (Table 2) and COS-1 cells
(Table 3).

PP2A has been suggested to exist largely in the cytoplasm
(24). Because the OKA-sensitive recovery of adenylyl cyclase
activity after A2a desensitization can be observed in desen-
sitized membrane fractions (Fig. 2), PP2A may also exist in
the membrane fractions of PC-12 cells, to regulate the recov-
ery of AC6 activity after the removal of adenosine agonists.
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The existence of PP2A in the pellet after high-speed centrif-
ugation has also been observed with COS-1 and Rat-1a cells
(25). Although our data demonstrated that PP2A enhanced
the AC6 activity both in vitro (Table 2) and in vivo (Table 3),
we cannot completely exclude the possibility that PP2A
caused dephosphorylation of another component in the cy-
clase signaling pathway and thereby led to the increase in
AC6 activity. However, coexpression of PP2A with AC2 or
AC4 in COS-1 cells did not cause an increase in the AC2 or
AC4 activity (data not shown), indicating that this increase
in AC6 activity by PP2A is relatively AC6 specific.

Although forskolin stimulates adenylyl cyclase directly,
such stimulation has been shown to synergize with G, (26).
Thus, modification of G, protein may also play an important
role in the regulation of AC6 activity during A2a desensiti-
zation. Phosphorylation, by several different kinases, of G,
proteins has been reported to change their efficiency of cou-
pling to receptors or to adenylyl cyclase (27-29). Although we
reported that no significant decrease in G,, protein levels
occurred during short term A2a desensitization (4), it was
unclear whether the interaction between G,, protein and
adenylyl cyclase was affected. In the present study, we have
substituted GDPBS and Mn2* for GTP and Mg?*, respec-
tively, in some of our cyclase assays, to eliminate the poten-
tial influence of G, in forskolin-stimulated adenylyl cyclase
activity. GDPBS is a GDP analog and is widely used to reduce
G protein activity by occupying the guanine nucleotide bind-
ing site of G proteins. MnATP, instead of MgATP, can be used
as a substrate by adenylyl cyclase in the absence of G,,. As
shown in Fig. 9 and Table 2, a change in G,, activity ap-
peared to be unnecessary for the regulation of AC6 during
A2a desensitization and after OKA treatment in PC-12 cells.
Therefore, suppression of AC6 activity is likely to be medi-
ated through protein phosphorylation of the cyclase itself and
not through protein phosphorylation of G, protein.

In summary, our data suggest that protein phosphoryla-
tion mediates the inhibition of AC6 in PC-12 cells during A2a
desensitization. In addition, PP2A might play a critical role
in the regulation of AC6 activity in these cells.
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