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SUMMARY: When the Gs in rat liver membranes was prelabeled with [32P]NAD and
cholera toxin, solubilized with octylglucoside, and then analyzed by sucrose
density gradient centrifugation, it was fractionated into two peaks with
approximate molecular sizes of 12-13S and 3-4S. Pretreatment without or with
GDPBS of the labeled membranes resulted in a larger peak in the high molecular
weight region, whereas pretreatment with glucagon plus GTP7S caused almost
equal peaks in both regions. The affinity-purified anti-nucleoside diphos-
phate(NDP) kinase antibodies only precipitated the Gs in high molecular weight
region. Under the same condition, small but significant NDP kinase activity
was associated with the high molecular weight Gs region although a large
portion of the enzyme activity was recovered in fractions where it alone
should appear(6.25). Both Lubrol-PX and digitonin solubilized the Gs in forms
insensitive to immunoprecipitation by anti-NDP kinase antibodies although the
latter detergent was able to solubilize the Gs in a high molecular weight
form, that is, a ternary glucagon-receptor-G protein complex. These results
demonstrate that Gs and membrane-associated NDP kinase may exist in part in a
complexed form in membranes. Physiological relevance of the complex formation
in membrane signal transduction is discussed. © 1990 Academic Press, Inc.

Hormone sensitive adenylate cyclase system consists of a hormone
receptor, GTP-binding(G) proteins(Gs, Gi) and an adenylate cyclase catalyst-
(1,2). Hormone binding to its receptor induces GDP-GTP exchange reaction,
resulting in an activation of G protein and in turn catalyst. Hydrolysis of
GTP to GDP on the G protein leads to termination of this activation. Subunit
dissociation and reassociation of a trimeric form of the G protein(agr—a +
87) proceed along with this activation and inactivation cycle(1}.

It has long been known that GDP is as effective as GTP in hormone
dependent activation of adenylate cyclase from several tissues even in the

absence of an ATP-regenerating system(3-7). It was found that the GDP action

Abbreviations used are: NDP kinase, nucleoside diphosphate kinase; m-,
membrane-associated; G protein, GTP-binding protein; octylglucoside, n-octyl-
g-D-glucoside; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electro-
phoresis.
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was manifest only as a result of conversion of the added GDP into GTP by the
action of membrane-associated nucleoside diphosphate kinase(mNDP kinase) (8-
10). Based on these and other recent studies from this laboratory(11-13), we
have proposed that the mNDP kinase may play a role in the hormone-dependent
activation of adenylate cyclase by supplying GTP, an essential cofactor, into
the G protein(Gs) since this supply seems to occur without complete
equilibration with the bulk phase. Some recent works from other laboratories
have presented data supporting this view(14,15). The phenomenon is considered
to be physiologically relevant because the GTP supply operated by mNDP kinase
happens only through receptor activation by hormones(12) and cannot be
observed for another GTP binding protein, ARF(ADP ribosylation factor)(13).
These observations lead us to speculate that mNDP kinase may somehow interact
with the signal transducing machinery.

In a recent study, we have demonstrated that Gs solubilized by certain
detergents is precipitable by affinity-purified anti-NDP kinase antibodies-~
(16), suggesting that the Gs and mNDP kinase may partly form a complex in
membranes. The present study was undertaken to further elucidate their

possible direct interaction.

MATERIALS AND METHODS

Materials [-L32 JNAD and [32P]GDP were purchased from New England Nuclear. [3
HTGDP and [ I]lglucagon were obtained from Amersham. A Yamasa cyclic AMP
assay kit was from Yamasa Shoyu Co(Choshi, Japan). GDPgS and GTP%S were from
Boehringer Mannheim. Octylglucoside and digitonin were obtained from Wako
Pure Chemical Co. Glucagon and Lubrol-PX were from Sigma. Other chemicals
were all reagent-grade as described elsewhere(16). Rat liver purified plasma
membranes(5) and affinity-purified anti-NDP kinase antibodies(17) were
prepared according to the method previously described. The antibodies
pfﬁgipitated neither detergent-solubilized adenylate cyclase activity, Gs nor
[ I]glucagon-receptor complex(molecular weight: 59K) preformed by means of a
pggtoreactive crosslinking reagent, N—hydroxysuccinimidyl—4—azidobenzoa§§.
[==PJADP ribosylation of Gs in membranes The Gs in membranes was [~ PJADP
ribosylated essentially as described previously(l16). Briefly, the incubation
mixtugg contained in a total volume of 2ml, 200mM potassium phosphate, pH 7.1,
2uM [T"PINAD(1mCi), 1mM GTP, 1mM ATP, 1OmM thymidine, 100ug/ml of preactivated
cholera toxin, protease inhibitor mixture(5uM antipain, SuM leupeptin, 5Oug/ml
bacitracin), and 2-3 mg of membrane protein. The labeled membranes were
washed by repeated centrifugations

Treatment and solubilization of the labeled membranes The labeled membranes
were treated without or with 100uM GDPSS alone or 1uM glucagon plus 100uM
GTP1S in 100ul of TMEDP(1OmM Tris-HCl, pH 7.4, 2mM MgCl,, 1mM EDTA, 1mM DTT
and 0.25mM phenylmethylsulfonyl fluoride) for 5min at 30°8. After incubation,
the membranes were sediminted by centrifugation and the pellet was resuspended
and solubilized with 160ul of 1.5% octylglucoside in TSBP(50mM Tris-HCl, pH
7.4, 0.1M NaCl, 0.2% bovine serum albumin and 0.25mM phenylmethylsulfonyl
fluoride) for 30min at 0°C. After the samples were ultracentrifuged at
100,000rpm for 20min in a TL 100.2 rotor, the supernatant was diluted with
TSBP to lower the detergent concentration into 0.825%.

Sucrose density gradient centrifugation The solubilized samples with protein
markers(-110pl) were applied on a 2ml linear sucrose density gradient(5-20%
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sucrose in TMEDP, O0.1M NaCl, 0.825% octylglucoside), overlaid with liquid
paraffin to fill the tubes, and centrifuged in an SW 60 Ti rotor at 60,000 rpm
for 105min. The samples were fractionated into -20 tubes and then subjected
to various analyses. When digitonin and Lubrol-PX were used, they were
included at 1.2 and 1.0% for solubilization and 0.05 and 0.1% for sucrose
density gradient centrifugation, respectively. To determine distribution of
Gs after centrifugation, aliquots from fractions were subjected to SDS-PAGE,
followed by autoradiography. To examine interaction of Gs with mNDP kinase,
fractions 7-11(high molecular weight complexed form of Gs) and 14-18(low
molecular weight form of Gs; probably free Gs and/or Gsa subunit) were pooled
separately, and then treated with affinity-purified anti-NDP kinase antibodies
diluted with TBS(50mM Tris-HCl, pH 7.4, 200mM NaCl) containing 3% bovine serum
albumin and 0.825% octylglucoside for 2h at 0°C. Immune complexes were
adsorbed to Pansorbin(Calbiochem-Behring), washed once with TBS-3% bovine
serum albumin-0.825% octylglucoside, detached in SDS sample buffer with
boiling, and then subjected to SDS-PAGE.
Enzyme assays Adenylate cyclase activity was determined by measuring cyclic
Kﬁﬁ‘??&ﬁ;&"%& radioimmunoassay after succinylation as described previouslys
(12). ND% kinsse activity was determined by isotopic method(17) using [
PJGDP or [“H]GDP as substrate.
Solubilization and characterizatipp_ of glucagon receptor Purified membranes-
(-300pg) were incubated with [~ I]glucagon{-2000Ci/mmol, 1uCi) in TMEDP-
(250u1) containing 0.2% bovine serum albumin for 20min at 30°C, washed by
repeated centrifugation, and then solubilized by detergents. The solubilized
samples were treated without or with 100uM GDPSS or GTP71S for 5min at 0°C
before sucrose density gradient centrifugation. The radiocactivity in each
fraction was counted.
Miscellaneous Protein concentration was determined as described by Lowry et
al.(18) using bovine serum albumin as a standard.

Densitometry was done using Shimazu CS-910 TLC scanner by monitoring
absorption at 600nm.

Autoradiography was carried out using Kodak XAR film with intensifying
screens.

RESULTS AND DISCUSSION

In a previous study(16) we found that octylglucoside was able to
solubilize Gs in a form precipitable by anti-NDP kinase antibodies. Whether
the immunoprecipitable Gs was actually a complexed form was examined by
estimating its molecular size on sucrose density gradient centrifugation(Fig.
1). When prelabeled membranes were incubated without or with 100uM GDPgS,
followed by washing and solubilization, most of the solubilized [32P]ADP
ribosylated Gs was sedimented at a position having molecular size of
12-138(high molecular weight complexed form of Gs) and a small portion was
recovered from fractions corresponding to free Gs and/or Gsa subunit(3-4S)(low
molecular weight form of Gs){Fig. 1, top and middle panels). On the other
hand, when membranes were treated with glucagon(1uM) plus GTP7S(100uM), the
solubilized Gs was distributed at these two positions almost equally(Fig. 1,
bottom panel), suggesting that the Gs(or Gsa) might be released from the
complex through receptor activation.

In order to test the possibility that the high molecular weight Gs

complex contains mNDP kinase, fractions containing high and low molecular
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weight forms of Gs were separately pooled and then reacted with affinity-
purified anti-NDP kinase antibodies. As shown in the inset in Fig. 1(middle
and bottom panels), only the Gs with high molecular weight was precipitated by

the antibodies. Taking it into account that the purified mNDP kinase has

molecular size of 6.25(17), the present observation suggests that the high
molecular weight form of Gs may represent Gs-mNDP kinase complex. Whether the
fractions corresponding to high molecular weight form of Gs actually contained
NDP kinase activity was further examined under the same condition(Fig. 2,
lower panel). A large portion of the NDP kinase activity was recovered in
fractions with molecular size of the purified enzyme(6.2S). However, small
but significant amount of the activity was detected in fractions corresponding
to the high molecular weight form of Gs(12-133). These results strongly
suggest that Gs and mNDP kinase may exist, at least in part, in a complexed
form in membranes.

Concentrations of glucagon receptor, Gs and mNDP kinase in liver
membranes were reported to be approximately 1-2pmol/mg(19), 0.2-2pmol/mg(20),
and 1pmol/mg(l7), respectively. Whether these proteins interact one another
stoichiometrically remains to be determined. In our experiments, irrespective
of whether the solubilized Gs was unfractionated or fractionated on sucrose
density gradient centrifugation, only a small portion{(-5%) of +the Gs
preparation used was precipitated by anti-NDP kinase antibodies. This may
occur not only due to lability of the Gs-mNDP kinase complex after
solubilization but also due to the possible presence of complexes between Gs
and other membrane components. The latter possibility is shown in Fig.
2{upper panel) where the distribution of detergent-solubilized adenylate
cyclase activity on sucrose density gradient centrifugation was examined.
Main peak of the enzyme activity preactivated by glucagon plus GTP1S
sedimented at the same position as the high molecular weight form of Gs,
suggesting that the Gs with high molecular weight may be comprised of
heterogenous complexes formed between Gs and different types of membrane
protein components including mNDP kinase and adenylate cyclase.

It is known that glucagon receptor can be solubilized by digitonin in a
guanine nucleotide sensitive form(a ternary hormone-receptor-G protein
complex){21). Therefore, we tested the possibility that this complex
contained mNDP kinase. As shown in Fig. 3(middle panel), the detergent
solubilized the glucagon receptor from membranes into two forms(10S and 6-7S).
The larger molecular weight form seems to represent the glucagon-receptor-Gs
ternary complex as evidenced by the observation that the glucagon binding
activity with larger molecular weight decreased by the addition of GTPYS or
GDPBS into the solubilized preparations prior to sucrose density gradient
centrifugation, Under the similar conditions, the Gs sedimented at two

positions having molecular size of 9-11S and 3-45(Fig. 3, upper panel). Thus,
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Fig.l Distribution of [32P]ADP ribosylated Gs solubilized by octylglucoside
on sucrose density gradient centr%Eugation.

The Gs in membranes were [~ PJADP ribosylated, treated with or without
glucagon and/or guanine nucleotides, solubilized with 1.5% octylglucoside, and

then analyzed by 5-20% sucrose density gradient centrifugation. After
centrifugation, tubes were punctured by a needle and 8-drops each was
collected from the bottom. Aliquots of each fraction were subjected to

SDS-PAGE, followed by autoradiography. Amounts of Gsa were quantitated by
scanning these bands at 600nm and is shown in % distribution above
autoradiograms. GDPgS, GTP7S and glucagon were included at 100, 100 and 1uM,
respectively. Numbers with arrows in the figure show the position of marker
proteins shown on the right margin. (Insets) Fractions 7-11(high molecular
weight complexed form of Gs) and 14-18(low molecular weight form of Gs) were
separately pooled and treated with anti-NDP kinase antibodies for 2h at 0°C.
Immune complexes were adsorbed to and eluted from Pansorbin, and analyzed by
SDS-PAGE, followed by autoradiography. "High" and "Low" represent high
molecular weight complexed form of Gs and low molecular weight form of
Gs(and/or Gsa), respectively.

Fig.2 Distribution of adenylate cyclase and mNDP kinase activities
solubilized by octylglucoside on sucrose density gradient centrifugation.

Membranes were treated, solubilized and fractionated by the same way as
described under legend to Fig. 1. (Upper panel) For adenylate cyclase assay,
enzyme activity was determined with no further addition in the assay mixture
since the membranes were pretreated with or without glucagon and/or guanig
nucleotides. (Lower panel) mNDP kinase activity was measured with 100uM [
P]GDP(0.5uCi) as a substrate.
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the Gs with larger molecular size seems to represent one related to the

ternary complexes. The two peaks of Gs obtained after sucrose density
gradient centrifugation were separately pooled and then treated with anti-NDP

kinase antibodies. The result shows that neither the high nor low molecular
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Fig.3 Distribution of [~ PJADP ribosylated Gs, [1251]g1ucagon—receptor
complex and adenylate cyclase activity solubilized by digitonin on sucrose
density gradient centriglégation.

(Top panel) The [“PJADP ribosylated membranes were treated with 100uM
GDP8S for Smin at 30°C and then solubilized with 1.2% digitonin. Inset shows
the result of immunoprecipitation of Gs by anti-NDP kinase antibodies. More
detailed explanation is given under legend to Fig.l. "High" and "Low"
represent complexed and free forms of Gs, respectively. (Middle panel) The
solubilized, prelabeled glucagon-receptor complex was treated without or with
100uM GDPBS or GTP71S for 5min at 0°C, and applied on a sucrose density
gradient. (Bottom panel) Membranes were treated with 100uM GDPBS for 5min at
30°C and then solubilized. Adenylate cyclase activity in fractions was
determined in the presence of 1uM forskolin.

Fig.4 Distribution of [32P]ADP ribosylated Gs and adenylate cyclase activity
solubilized by Lubrol-PX L sucrose density gradient centrifugation.

(Upper panel) The [~ PJADP ribosylated membranes were treated with 100uM
GDPgS for 5min at 30°C and solubilized with 1% Lubrol-PX. Other explanations
are given under legends to Figs. 1 and 3. (Lower panel) Membranes were
treated with 100uM GDPSS and then solubilized. Adenylate cyclase activity in
fractions was determined in the presence of 1uM forskolin.
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weight form of Gs was precipitated, demonstrating that the Gs with larger
molecular size seems unlikely to interact with mNDP kinase. On the other
hand, Lubrol-PX solubilized the Gs into a single peak with an apparent
molecular size of 3-4S(Fig. 4). The radioactivity associated with this peak
was not precipitated by the antibodies, ruling out the possibility that the Gs
solubilized with Lubrol-PX may interact with mNDP kinase.

The present study demonstrates that Gs and mNDP kinase may exist, at
least in part, as a complexed form in membranes. The complex seems to be
responsible for effective GTP introduction into the Gs although the
physiological significance and mechanism of the complex formation remain to be
fully determined. There have been some observations which seem hard to be
explained by solely a GDP-GTP exchange reaction generally accepted in recent
models. 1) GDP exerts GTP-like effects for adenylate cyclase activation in
terms of dose-dependency and magnitude(5,10). 2) GDP provides larger activity
ratios(the ratio of adenylate cyclase activities with and without hormone)
than GTP and its analog(5). 3) Hormone reduces the inhibitory effect of GDP
on the GTP- or its analog-stimulated adenylate cyclase activity(10,12,13).
Our proposal including this study on the possible role of mNDP kinase in
signal transduction should provide a clue to solve these questions. At
present, two possible mechanisms are presumed for the regulation of G
protein(Gs) by mNDP kinase. 1) mNDP kinase increases GTP concentration in the
vicinity of the Gs, as a result, leading to an increased GDP-GTP exchange
reaction on the G protein. 2) mNDP kinase directly phosphorylates bound GDP

to GTP on the Gs. These possibilities are currently under investigation.
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