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A pr&& faitorrr which ~~h~bit~d adenylate q&se was ~-&XI ta apparent h~rn~~~ej~ from rat brain 
and ide&%ed as the ~~-~~bu*~t~ of the ~~~-b~ud~~~ ~~~~t~~ proteins of adersyfate q&se. {i) The 
~~-subu~t~ (protein factor) inhibited the p&a@ Purim catalytic unit ~~nd~n~~~te q&se in the presence 
of tin activator, forskolin or the stimulative reg&itory protein (NJ, to 60 and 40% of the control, respective- 
ly; inhibition of the catalytic waif in the presence of forskoiin required no guanine nucIeotides. (ii) The sub- 
units enhanced the GTPase activity of the purified a-subunit of the inhibitory regulatory protein (N,cr) X8- 
fold. (iii) The subunits stimulated ADP-ribosylation of Nig catalyzed by islet-activating protein (pertussis 
toxin). ADP-ribosylation had no affect on the GTPase activity of N,a: in the presence of the &subunits. 
The results suggest that direct inhibition of the catalytic unit by the &-subunits liberated from N, is essential 

for the receptor-mediated inhibition ofadenylare cyclase. 

Adenylate cyclase activity is regghted by the 
stimulative and inhibitory GTP-binding regulatory 
proteins termed N, and Ni, respectively, which act 
as the communicator between the catalytic unit of 
adenylate cyclase and the receptors in cell mem- 
branes [1,2]. Both N, and Ni consist of 3 subunits 
namely LX, @ and y f&3]. The cr-subunits (GTP- 
birding subunit) from the two GT~-b~~di~g pro- 
teins are clearly different but the ~~s~b~~its are in- 
distin~~isbabIe [4]_ Binding of GTP analogues or 
F- to their cu-subunits appears ta dissociate the 
proteins into CY- and &subunits [5,6]. The cy- 
subunit of Ni (Nia) has GTPase activity [7-101. 
ADP-ribosylation of Nia by islet-activating pro- 
tein (IAP), pertussis toxin, was reported to at- 
tenuate the receptor-mediated inhibition of 
adenylate cyclase Ill]. The catalytic unit of 

* Ta Whom corres~ndence should be addressed 

adenylate cycIase has been shown to be activated 
by the cY-subunit of N, to which GTP is bound [S]* 
On the other hand, the mechanism of inhibition of 
adenylate cyclase by Ni has not been extensively 
studied at the molecular level. Katada et al, [12] 
have proposed that the &subunits liberated from 
Ni suppress the GTP-dependent activation af Ns 
and thus indirectly reduce the cycIase activity. 
However, whether N, is actuaIfy involved in the in- 
hibition by N: is cmrently a point in dispute jf3]. 

In fI4], we reported that the p~alIy purified 
GTP-binding regulatory proteins inhibited the 
forsk~lin”~~tiv~ted catalytic unit of adenylate 
cyclase even in the absence of guanine nucleatides. 
We supposed that the inhibitory effect was exerted 
by Ni but failed to show the inhibitory activity in 
purified NW [7]. Recently we found that the in- 
hibitory activity was associated with a protein fac- 
tor of A4,JSOOO [IS] which we previously reported 
as stimulating ADP-ribosylation of purified Nicv 
by IAP and au~enting the GTPase activity of 
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Nia 171. Here, we have purified this inhibitory pro- 
tein factor and identified it as the &-subunits of 
the GTP-binding regulatory proteins. 

2. MATERIALS AND METHODS 

[y-32P]GTP and f3’P]NAD were purchased from 
New England Nuclear. IAP was a generous gift 
from Dr Michio Ui (Hokkaido University, Sap- 
poro). Heptylamine-Sepharose was prepared as 
described in [ 161. 

2.1. Buffers 
Buffer A contained 20 mM Tris, 1 mM EDTA, 

1 mM dithiothreitol (DTT), 20/1M AlCl3, 6 mM 
MgCL, and 10 mM NaF, pH 8.0. Buffer B was the 
same as buffer A except that AlCl3, MgCl2 and 
NaF were omitted. Buffer C consisted of 50 mM 
Tris, 0.2 M sucrose, 15 mM MgCl2, 7 mg/ml soy- 
bean phospholipid, 14 mM cholate, 1 mM DTT 
and 25% saturated ammonium sulfate, pH 7.7. 
Buffer D contained 20 mM Hepes, 0.2 M sucrose, 
15 mM MgCl2, 7 mg/ml soybean phospholipid, 
0.1% (w/v) Lubrol PX and 1 mM DTT, pH 7.7. 

2.2. Pari~a~~y purified catalytic unit 
The catalytic unit of adenylate cyclase was par- 

tially purified from rat brain according to 1171. 
The preparation was free of N, activity and 
GTPase activity of Nia [ 14,171. The specific activi- 
ty in the presence of 5 mM MnCl2 was 
1.2-1.7 nmol cyclic AMP/min per mg protein at 
30°C. 

2.3. Purification of Nicv and Ns 
Nia and N, were purified essentially as in [7]. 

The second protein peak in the flow-through frac- 
tions from a heptylamine-Sepharose column (1.6 x 
16 cm) was collected as the Nia preparation. The 
specific activity of the GTPase was 4.1-4.6 nmo1 
Pi releasedfmin per mg protein. Gel elec- 
trophoresis of the purified Nia preparation is 
shown in fig.2B. The specific activity of the N, 
preparation obtained was 156 nmol cyclic 
AMP/min per mg protein. 

2.4. Purification of the fly-subunits 
Synaptosome-rich membranes were prepared 

from about 40 g rat brains and membrane protein 
was solubilized with cholate as described [7]. The 

64 

concentration of protein during solubilization was 
8 mglml. The supernatant supplemented with 
20 PM AlC13 and IO mM NaF was diluted with 
buffer A containing 25 mM NaCl to reduce the 
cholate concentration to 21 mM. The supernatant 
(539 mg protein) was then divided into two por- 
tions, each being applied separately to a DEAE- 
Sephacel column (2.2 x 34 cm) which had been 
equilibrated with buffer A containing 21 mM 
cholate and 25 mM NaCl. The column was washed 
with the same buffer and adsorbed protein was 
eluted with 360 ml of a linear gradient of 
O-250 mM NaCl in buffer A containing 21 mM 
cholate. The &subunits were eluted with about 
160 mM NaCl and mostly separated from the 
GTPase activity of Nio which was eluted with 
about 110 mM NaCl. Fractions containing& were 
recovered and concentrated to about 20 ml by 
ultrafiltration with an Amicon PM-10 membrane. 
The concentrate was applied to a Sephadex G-25 
column (1.6 x 30 cm) in buffer A containing 0.5% 
(w/v) Lubrol PX. Protein eluted was divided into 
two fractions and each fraction applied separately 
to a TSK DEAE-5PW column (0.8 x 7.5 cm) in the 
same buffer. The &-subunits eluting near the 
second protein peak in the flow-through fractions 
were again applied to a Sephadex G-25 column 
which had been equilibrated with buffer A con- 
taining 9.3 mM cholate and 100 mM NaCl, and 
then the eluate loaded on a heptylamine-Sepharose 
column (1 x 21 cm) in the same buffer. The fly- 
subunits were eluted with 50 ml of a linear gradient 
in buffer B starting with 7 mM cholate and 
150 mM NaCl and ending with 30 mM cholate and 
25 mM NaCl. The column was further washed 
with the ending buffer. Peak fractions of ,@ 
(about 10 ml) were concentrated to about 300 ~1 
and subjected to TSK G3OOOSW gel 
chromatography (0.8 x 30 cm) in 30 mM Tris, 
1 mM EDTA, 1 mM DTT, 0.3 M NaCl and 
21 mM cholate, pH 7.5. 

2.5. Assay of activjties 
Before the assay of activities, protein in column 

fractions was precipitated with ammonium sulfate 
as described [7]. Buffer C was used for dilution of 
column fractions. Protein precipitated was dis- 
solved in buffer D. 

GTPase activity was assayed at 37°C for 10 min 
[14]. For assay of the ,&y subunits, Nto (1.5 pmol 
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Pi rei~~sed/min per tube) and fly in 10 ~1 buffer D 
were preincubated for 30 min at 23°C before 
GTPase assay. 

Stimulation of ADP-ribosylation by the ,&- 
subunits was assayed as follows. Nia (10 pmol P, 
released/min per tube) and fly in 8.4~1 buffer D 
were prei~cubated for 30 min at 23°C and then 
mixed with 16.6 ~1 assay solution to give final con- 
centrations of 25 mM Tris, 2.5 mM MgCIz, I mM 
ATP, 0.1 mM GTP, IO mM tbymidine, 5 mM 
n~~oti~amide, IO pM [32P]NAD (5-10 Ci/mmoI), 
2 mM DTT and 2.5 &g/ml IAP. The reaction con- 
ducted at 25°C for 30 min was stopped by the ad- 
dition of 250 ~1 of 15%1 (w/v) trich~oroa~~tic acid 
containing 1% (w/v) SDS, Precipitated protein 
was repeatedly washed with 10% (w/v) 
trichloroacetic acid and the radioactivity measured 
in a scintillation counter. Radioactivity was incor- 
porated only into Nia as shown in fig.2B. 

To measure the inhibition of adenylate cyclase, 
the catalytic unit (12 pmol cyclic AMP/min in the 
presence of MnClz) and the ~~-subunits were 
preincubated for 60 min at 23°C in 25 ~1 of 
medium containing 80 mM sucrose, 2.8 mgfml 
soybean phospho~ipid, 15 mM MgC12, 0.04% 
(w/v) Lubrol PX, 1 mM DTT, 1 mg/ml bovine 
serum albumin and 20 mM Hepes, pH 7.7. 
Adenylate cyclase activity was assayed at 30°C for 
10 min as in [ 181 except that GTP was omitted and 
10pM forskolin was included in the assay 
medium. 

Protein concentration was determined by using 
bovine serum albumin as a standard [I!?]. 
Polyacry~amide gel ele~trophoresis in the presence 
of SDS was performed according to [20], 

3. RESULTS AND DISCUSSION 

A protein factor found in the partially purified 
GTP-birding regulatory proteins has been shown 
by us to have three different activities; stimulation 
of IAP-catalyzed ADP-ribosylation of Nia, activa- 
tion of GTPase of N~(Y and inhibition of the 
~atai~ic unit of adenylate cyclase [7,14,15]. The 
protein factor was purified and identified as the 
~~-subunits of the GTP-binding regulatory pro- 
teins in the present study. The~~~subu~its (protein 
factor) were solubilized with cholate from a 
synaptosome-rich membrane fraction prepared 
from rat brain and its activity assayed by the 

stimulation of ADP-~bosylation of Nicr, the incre- 
ment of GTPase activity of Nia and the inhibition 
of adenylate cyclase activity. Purification was con- 
ducted by successive chromatography steps using 
DEAE-Sepha~e~, TSK DEAL-SPW, heptyiamine- 
Sepharose and TSK G3~SW as described in sec- 
tion 2. Fig, 1 shows the final step of purification by 
G3~SW gel chromatography. The ~~-subunits 
were eluted from the column in association with 
the second protein peak. No N, or phosphodiester- 
ase activities were detected in this fraction. During 
a series of chromatography steps, activities for the 
stimuiatio~ of ADP-ribosylation, GTPase activa- 
tion and inhibition of adenylate cyclase were not 
separated and showed simiiar elution profifes, This 
indicates that these activities can all be ascribed to 
the same protein. The @y-subunits were purified 
212-fold from a choiate extract with a recovery of 
7.5% on the basis of its activity for the stimulation 
of ADP-ribosyIation. 

Fig.]. Purification of the ~~subu~its by G3~SW gel 
chromatography. The cholate extract (530 mg protein) 
from a s~naptosome-rich membrane fraction was 
subjected to successive chro~a&ography steps on DEAE- 
Se@&, TSK DEAE-SPW and heptylamine~sepha- 
rose. Fractions containing & (0.51 mg protein) were 
then appiied to a TSK G3~SW column (0.8 x 30 cm, 
0.3 ml/fraction) and 0.19 mg protein of the purified By- 
subunits were obtained (see section 2). The fly-subunits 
were assayed by the stimulation of IAP-catalyzed ADP- 
ribosy~ation of N@ (o), activation of the GTPase of 
Np (0) and inhibition of the forskolin-activated 
catalytic unit of adenylate cyclase (A). (---) Ab- 
sorbance at 280 nm. The purified ~~-subunits (0.1 &g 
protein) caused 3.25 pmol of net increase of ADP- 
ribosylation, 101% activation of GTPase activity and 
15% inhibition of the forskolin-activated catalytic unit 

under standard assay conditions. 
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Fig.2A shows polyacrylamide gel electrophoresis 
of the protein purified as described above. Stained 
protein bands of M, 36000, 35 500 and about 9000 
were observed. Their estimated M, values were 
very close to the reported values for the P (Mr 
35000) and y (MI -10000) subunits of Ni and N, 
[3,21]. Moreover, the protein purified here and the 
fly from Ni have a similar stimulatory effect on 
ADP-ribosylation of Nia by IAP [8,22). Thus, we 
concluded that the purified protein was identical to 
the ~~-subunits, It is not known whether the & 
purified here were derived from N, or N,. If it is 
taken into consideration that Ni occupies nearly 
1.5% of the membrane protein from bovine brain 
[23] and N, is usually a minor membrane compo- 
nent, most of the ,&y are likely to have been 
dissociated from N, and some could have been 
derived from N,. Both peptides of Ii4, 36000 and 
35 500 seem to be the ,f3. Two similar @-subunits in 
brain have been reported by others [231. 

Brain has been shown to contain at least two 
IAP substrates of A& 41000 and 39000 l&10,23]. 

Fig.2. Polyacrylamide gel electrophoresis of the purified 
fly-subunits and Nia. The purified .&y-subunits (6pg) 
(A) and NG (3 pg) (B) were subjected to gei 
ele~trophoresis in the presence of SIX. Protein was 
stained with Coomassie blue. The concentrations of gels 
were 15% (A) and 12% (B), respectively. Both peptides 
of M, 41000 and 39000 in (B) were substrates for IAP. 

In particular, the peptide of M, 39000, the cy- 
subunit of the GTP-binding protein called N, [23], 
is a major IAP substrate in brain but is not found 
in liver. The Nia preparation used here contained 
both cu-subunits of M, 41000 and 39000 (fig.2B). 

Fig.3 shows the inhibitory action of purified fly 
on the forskolin-activated catalytic unit which is 
free of N, and Nia. Maximum inhibition was 
achieved with 1 pg fly. No guanine nucleotides 
were required for inhibition. Similar amounts of 
Nitv failed to inhibit the cyclase activity. Because 
no N, and guanine nucleotides were included in the 
reconstituted system, we conclude that the inhibi- 
tion is a result of the direct interaction of the &Y- 
subunits and the catalytic unit. We obtained a 
similar curve for the by-dependent inhibition by 
using the catalytic unit which had been activated 
by N,. Maximum suppression was observed in the 
presence of about 1 pg &Y. We suppose that the 
binding of GTP to Ni liberates ,f3y which subse- 
quently inhibit the catalytic unit directly. 
Therefore, once Py are liberated, GTP will no 
longer be necessary for inhibition of the catalytic 
unit. 

Table 1 shows the &-dependent inhibition of 
the catalytic unit which was activated in the 

4~ 
Protein (pg) 

Fig.3. Inhibition of the forskolin-activated catalytic unit 
by the purified @y-subunits. The &-subunits (0) or Np 
in the presence (A) or absence (A) of 60 pM Gpp(NH)p 
were preincubated with the catalytic unit of adenyfate 
cyclase and then assayed for adenylate cyclase in the 
presence of 10 pM forskotin. Adenylate cyclase activity 
in the absence of fly and N,c_x was 180 pmol cyclic 

AMP/IO min. 
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Table 1 

Inhibition of N,-activated catalytic unit by the purified 
&r-subunits 

& 

Adenylate Inhibition 
cyclase activ- A(pmo1 cyclic (‘J/o) 

ity (pm01 AMP/IO min) 
AMP/IO min) 

0.11 0 188 
0.11 1.06 76 112 59.6 
0.43 0 225 
0.43 1.06 128 97 43.1 
1.28 0 289 
1.28 1.06 181 108 37.4 

Catalytic unit was preactivated for 3 h at 23°C in the 
presence of N, and 6OpM Gpp(NH)p before the 
addition of the purified fly-subunits. Adenylate cyclase 
activity was assayed in the absence of forskolin. 
Adenylate cyclase activity in the absence of N, and fly 
was 21 pmol cyclic AMP/IO min. The activation of the 
catalytic unit nearly reached a plateau at 0.6 pg N, in this 

system 

presence of Gpp(NH)p and different amounts of 
N,. The net decrease in adenylate cyclase activity 
by fly seemed to be constant and independent of 
the amount of N,, but the relative inhibition by fly 
was significantly reduced with increasing amounts 
of N,. A possible explanation for the result ob- 
tained is that fly deactivated N, and thus reduced 
the cyclase activity [12]. However, this is less likely 
to occur in the presence of sufficient MgC12. 
Another possibility is the existence of two forms of 
the catalytic unit; one susceptible to direct inhibi- 
tion by ,By and the other not. If the cataIytic unit 
sensitive to fly has higher affinity for N, than the 
other form of the catalytic unit, the constant net 
decrease in adenylate cyclase activity by ,~?y seems 

be explained without 
As shown in fig.4, a complex of ,dy is 

a much more effective substrate for IAP than Nit 
alone. At the plateau, 4 pmol ADP-ribosyl residue 
was incorporated into Nia, which means that 
about 50% of NH used for the reaction was ADP- 
ribosylated. Very low efficiency of the ADP- 
ribosylation may be partly due to insufficient for- 
mation of c&y complex and denaturation of Nia 
during the reaction. GTPase activity of Nia was 
also increased 3.8-fold by fly (fig.4). The fly- 
subunits probably bind to the Nia-GDP complex 

T I NK% 033pg 
/ 

i” I - a 
e . . 3 

o_L_L__L__I_I: 
@r Subumts (pg) 

Fig.4. Stimulation of IAP-catalyzed ADP-ribosylation 
and the activation of GTPase activity of Np by the 
purified fly-subunits. Nia was preincubated with 
purified fir before ADP-ribosylation by IAP (0) and 
the assay of GTPase activity (0). ADP-ribosylation was 
conducted as described in section 2, except that 
0.33 pg/tube (1.5 pmol P, releasedlmin per tube) of Nia 
was used and the reaction continued for 60 min. GTPase 
activity in the absence of fly was 13 pmol Pi 

released/l0 min. 

and accelerate the exchange of GDP for GTP at 
the guanine nucleotide binding site on Nia, which 
results in an apparent increase of the turnover rate 
of GTPase activity. 

ADP-ribosylation of Niu did not affect its 
GTPase activity (fig.5), which confirmed our 
previous observation ]7]. The result apparently 
conflicts with reports that IAP attenuated GTPase 
activity of Ni enhanced by the stimulation of in- 
hibitory receptors [24-261. However, the result 
suggests that ADP-ribosylation by IAP only 
prevented Ni from interacting with the receptors 
without affecting the binding and hydrolysis of 
GTP. 

Here, we showed that the fly-subunits of the 
GTP-binding regulatory proteins directly inhibited 
the catalytic unit of adenylate cyclase. N, and 
guanine nucleotides were not necessary for the in- 
hibition. During the preparation of this 
manuscript, Smigel [27] reported similar inhibition 
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ADP-ribosylatmn of NIR 
(pm01 ADP-ribosyl residue) 

Fig.5. Lack of effect of ADP-ribosylation on the 
GTPase activity of Np. N,cu (0.33pg protein) and PY 

(0.48 pg protein) were preincubated and ADP- 
ribosylated by various concentrations (O-2.5 pg/ml) of 
IAP as in fig.4. N, was precipitated with ammonium 
sulfate as described in section 2 and resolubilized in 10 ~1 
buffer D. After incubation at 23°C for 10 min, GTPase 
activity was assayed. The GTPase activity of Nm treated 
in the absence of IAP was 25 pmol P, released/l0 min. 

of the purified catalytic unit by fly, but he con- 
sidered that the inhibition was due to deactivation 
of N, that was present in the catalytic unit prepara- 
tion. The direct inhibition by fly seems to explain, 
at least partly, Ni-mediated inhibition of the 
cyclase in S49 cyc- cell membranes which lack 
functional N, [ 13,251. Although Nia but not &V 
was reported to inhibit adenylate cyclase in cyc- 
membranes [28], Nia failed to inhibit the catalytic 
unit in the present study and in [27]. We believe 
that direct inhibition of the catalytic unit by fly is 
one of the mechanisms of the receptor-mediated 
inhibition of adenylate cyclase. 
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