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Guanine Nucleotide Binding Regulatory Proteins and Adenylate Cyclase
in Livers of Streptozotocin- and BB/Wor-Diabetic Rats
Immunodetection of G. and G, with Antisera Prepared against Synthetic Peptides

Christopher J. Lynch, Peter F. Blackmore, Elizabeth H. Johnson, Ronald L. Wange, Peter K. Krone, and John H. Exton
Howard Hughes Medical Institute and the Department of Molecular Physiology and Biophysics, Vanderbilt University
School of Medicine, Nashville, Tennessee 37232

Abstract

Adenylate cyclase in liver plasma membranes from streptozo-
tocin-diabetic (STZ) or BB/Wor spontaneously diabetic rats
showed increased responsiveness to GTP, glucagon, fluoroalu-
_inate, and cholera toxin. Basal or forskolin-stimulated activ-
ity was unchanged in STZ rats, but increased in BB/Wor rats.
No change in the a-subunit of G. (a,) was observed in STZ or
BB/Wor rats using pertussis toxin-stimulated I32PiADP-
ribosylation. Immunodetection using antibodies against the
COOH-terminal decapeptides of aT and aj-3 showed no change
in a; in STZ rats and a slight decrease in BB/Wor rats. Angio-
tensin II inhibition of hepatic adenylate cyclase was not altered
in either diabetic rat. In both models of diabetes, G, a-subunits
were increased as measured by cholera toxin-stimulated 132P]-
ADP-ribosylation of 43-47.5-kD peptides, reconstitution with
membranes from S49 cyc- cells or immunoreactivity using an-
tibodies against the COOH-terminal decapeptide of a.. These
data indicate that STZ-diabetes increases hepatic G, but does
not change G. or adenylate cyclase catalytic activity. In con-
trast, BB/Wor rats show increased hepatic G. and adenylate
cyclase. These changes could explain the increase in hepatic
cAMPand related dysfunctions observed in diabetes.

Introduction

In experimental and naturally occurring forms of diabetes
mellitus, the production of glucose, fatty acids, and ketone
bodies exceeds their utilization, resulting in many of the fea-
tures characteristic of the disease. There is considerable evi-
dence that hyperglucagonemia and the resulting increases in
hepatic glycogenolysis, gluconeogenesis, and ketogenesis are
causal factors in some of these changes (see 1, 2 for review). In
rats, these changes are associated with an increase in hepatic
cAMPcontent (3-6) in both experimental diabetes (e.g., in-
duced by exogenous insulin-antibodies, alloxan or streptozo-
tocin [STZ],' and naturally occurring forms of acute diabetes
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1. Abbreviations used in this paper: BB/Wor, Bio-Breeding Worcester
rat; DB-RES, diabetes-resistant rat; G-protein, guanine nucleotide
binding regulatory protein; Gi, inhibitory guanine nucleotide binding
protein of adenylate cyclase; G., a G protein of unknown function

(e.g., the spontaneously diabetic Bio-Breeding Worcester rat
LBB/Wor]). Since it is commonly found that desensitization
occurs when cells are exposed to elevated levels of hormones
such as glucagon (e.g., 7) this increase in hepatic cAMP in
diabetes is surprising.

There are many proteins involved in regulating hepatic
cAMPproduction. These include the glucagon and ,32-adren-
ergic stimulatory receptors, the a2-adrenergic and angiotensin
II inhibitory receptors, the stimulatory (G,) and inhibitory (G1)
guanine nucleotide binding proteins, the adenylate cyclase cat-
alytic moiety, and cAMP phosphodiesterase. In theory, the
increased hepatic cAMPin diabetes could be due to changes in
one or more of these proteins. Alternatively, if no changes
occurred in this system, the mere increase in the plasma con-
centration ratio of glucagon to insulin in diabetes could ex-
plain the increase in hepatic cAMPin this disease.

Several groups have explored the possibility that molecular
components of the adenylate cyclase system are altered in dia-
betic liver by studying glucagon receptor binding and/or ade-
nylate cyclase activity in liver cells and plasma membranes
from normal and STZ-diabetic rats (5, 8-18). However, the
results of these studies have been confficting. For example,
glucagon-sensitive and basal adenylate cyclase activities have
been reported to be either increased, decreased, or unchanged
in liver plasma membranes from STZ-diabetic rats (5, 10, 12,
14-18). In addition, several groups have reported that STZ
treatment decreases plasma membrane marker enzymes in
liver homogenates and/or membrane preparations (13, 14, 17,
18). While this has not been a consistent finding (5, 15), it may
explain why some have observed decreases in total hepatic
adenylate cyclase activity and glucagon receptor binding and
Gi in chemically induced diabetes. The hepatotoxicity of some
diabetogenic agents may also partly account for the differences
(for review see 19). Another possible source of variability is the
severity of the diabetic state, which varies with route of admin-
istration and dose of streptozotocin or alloxan. Obviously
these variables are not a problem in the naturally occurring
form of diabetes exhibited by BB/Wor rats (for review see
20, 21).

In the present communication, we have reexamined the
roles of G,, Gj, and adenylate cyclase in the increased hepatic
cAMP in diabetes. G., Gi, and adenylate cyclase were mea-
sured in various ways in purified liver plasma membranes or
homogenates from control and STZ-injected animals. In view
of the recent study by Gawler et al. (16) reporting that Gi
expression is abolished in experimental diabetes, we have

from bovine brain; G, stimulatory guanine nucleotide binding protein
of adenylate cyclase; GTPyS, guanosine 5'-0-(,y-thiotri-phosphate);
IAP, islet activating protein, a Bordetella pertussis toxin; STZ, strepto-
zotocin; Td, transducin.
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compared several of these parameters in animals whose he-
patic Gi function has been inactivated by islet-activating per-
tussis toxin (TAP). Because of the problems inherent in the use
of the STZ-model (see above) we have also examined these
parameters, for the first time, in the spontaneously diabetic rat
(BB/Wor) and its genetic counterpart the diabetic-resistant rat
(DB-RES).

Our data indicate that increased expression of G, may con-
tribute to the increase in hepatic cAMPin the acute STZ-dia-
betic and spontaneously diabetic BB/Wor rat. Additionally,
unlike STZ-diabetes, the naturally occurring form of diabetes
exhibited by the BB/Wor rats is associated with an approxi-
mately twofold increase in basal and forskolin-stimulated he-
patic adenylate cyclase activity. Thus insulin may regulate the
expression of regulatory and catalytic components of the ade-
nylate cyclase system.

Methods

Materials. [32P]NAD (1,000 Ci/mmol) and [a-32P]ATP (3,000 Ci/
mmol) were from New England Nuclear (Boston, MA). S49 cyc-
(94.15.1) cells were obtained from the Cell Culture Facility of the
University of California, San Francisco. Acute spontaneously diabetic
(BB/Wor) rats and their diabetic resistant counterparts (DB-RES) were
obtained from Dr. Dennis L. Guberski (Department of Pathology,
University of Massachusetts Medical School, Worcester, MA). At the
University of Massachusetts, the urine of BB/Wor rats was analyzed
twice a week to detect diabetes of spontaneous onset (termed conver-
sion). After detection of conversion, the animals were monitored daily
and stabilized by insulin injection to maintain a moderate diabetic
state (i.e., +4 urine glucose and 0 ketones). Insulin doses were individ-
ualized and ranged from 1.4 to 2.6 U/d in rats weighing between 180
and 350 g. Animals were received 1-6 d after detection of conversion
and were used immediately along with their DB-RES counterparts,
which served as controls for BB/Wor in this study. Glucagon, insulin,
and protamine zinc insulin suspension were from Eli Lilly (Indianap-
olis, IN). NaF and AIC13 were from Fisher Scientific Co. (Pittsburgh,
PA). Streptozotocin was from either Calbiochem-Behring Corp. (La
Jolla, CA) or Sigma Chemical Co. (St. Louis, MO). Bacterial toxins
were from List Biological Laboratories (Campbell, CA) or Sigma.
Dextrostix reagent strips were from Miles Laboratories (Elkhart, IN).
Percoll was from Pharmacia Fine Chemicals (Piscataway, NJ). Sources
of other materials have been given previously (22-24).

Experimental diabetes mellitus and in vivo treatment with IAP.
Male Sprague-Dawley rats (225-275 g) were made diabetic (25) by a
single intraperitoneal injection of streptozotocin (50 mg/kg) dissolved
in 50 mMcitrate buffer (pH 4.0). Urine or serum glucose levels were
measured, respectively, with dextrostix or a glucose analyzer 2 (Beck-
man Instruments, Inc., Fullerton, CA). Animals with urine glucose
concentrations > 200 mg/dl or serum glucose concentrations > 400
mg/dl 7 d after streptozotocin were deemed diabetic.

Abolition of G1 activity was obtained 24 h after intraperitoneal
injection of IAP (25 mg/ 100 g body wt) as previously described (22).

Plasma membrane purification, hepatocyte isolation and cAMP
measurement. Experimental treatment groups (i.e., control, diabetic,
insulin-replaced) typically consisted of five animals (with the exception
of IAP-treated groups which consisted of 1-2 animals per group). One
or two of these animals were used for hepatocyte studies and the
remainder were used for plasma membrane preparation. Liver plasma
membranes prepared by Percoll density gradient centrifugation (26)
were resuspended in 25 mMTris HC1and 1 mMEGTA(pH 7.4), and
then frozen in liquid N2 for storage at -70°C. Membranes from con-
trol and experimental groups were prepared on the same day. Mem-
brane protein was determined using BCAassay (Pierce Chemical Co.,
Rockford, IL).

Liver parenchymal cells from control and diabetic rats were pre-
pared (24) simultaneously and cAMPmeasurements were carried out
as described elsewhere (27).

Adenylate cyclase activity. The method of Salomon (28) was used
to assay adenylate cyclase in liver plasma membranes. The assay was
performed at 30'C in a final volume of 50 ul for 10-15 min with the
following components: 0.5 mM[a-32P]ATP (70-150 cpm/pmol), 20
mMcreatine phosphate, 50 U/ml creatine phosphokinase, 25 mMTris
HCl (pH 7.4), 5 mMmagnesium acetate, 0.05 mMcAMP, 1 mM
DTT, 0.1 mg/ml BSA, 0.9-1.5 mg membrane protein/ml and other
additives as indicated. Activity measured in the absence of other addi-
tives is termed basal activity. The assay was initiated by the addition of
membranes and terminated by the addition of 100 ml of medium (pH
7.5) containing 2%SDS, 45 mMATP, and 1.3 mMcAMP. Addition of
[3H]cAMP for the estimation of [32P]cAMP recovery preceded boiling
for 5 min and column purification as described by Salomon (28).
Radioactive content was determined using a Beckman LS3801 scintil-
lation counter. Results shown are representative of two to six experi-
ments on different membrane batches.

Bacterial toxin catalyzed [32PADP incorporation into Gs and Gi.
Conditions for toxin-catalyzed [32P]ADP ribosylation of membranes
were optimized for each toxin as recommended by Ribeiro-Neto et al.
(29). The assay mixture for cholera toxin catalyzed [32P]ADP-
ribosylation of G, consisted of the following in 250 ,l: 10 MM[32p]_
NAD (50-60 MCi/tube), 50 mMNa-Hepes (pH 7.4), 400 mM
NaH2PO4(pH 7.4), 10 mMMgCl2, 10 mMthymidine, 1 mMEGTA,
1 mMATP, 0.1 mMGTPyS, 80 Mg/ml of cholera toxin A-subunit and
100 Mug of membrane protein. The mixture was incubated for 15 min at
30°C at which time more ATP, GTPyS, and [32P]NAD were added
(22). After an additional 1 5-min incubation the assay was terminated
by the addition of 750 Mul of ice-cold 10% TCAand incubation on ice.

IAP-catalyzed [32P]ADP incorporation into plasma membrane Gi
has been described (22). In some experiments cholate-solubilized he-
patocyte proteins were used as substrate in place of plasma mem-
branes. For this purpose hepatocytes from control or diabetic animals
were adjusted to equal wet weights (- 30-40 mg/ml) and 1 ml of
suspended cells was centrifuged at 11,000 g for 1 min. The cell pellet
was solubilized in 0.5 ml of 1%sodium cholate (pH 8.0), 1 mMEDTA,
and 1 mMDTT. Unsolubilized material was removed by centrifuga-
tion at 100,000 g for 1 h at 4°C. Assayed proteins were precipitated
with TCA as described above. Precipitated proteins from the cholera
toxin and IAP studies were solubilized for SDS-PAGE, and autoradi-
ography of the dried gels was performed as described previously (22,
30). Quantitation of radioactivity incorporated into peptides was de-
termined by scintillation spectrometry or by laser densitometry of
autoradiographs and computer integration of the peaks.

S49 cyc assayfor G, activity. G, activity was determined by mea-
suring the ability of 1% cholate solubilized liver membranes (1.5
mg/ml) to stimulate MgATP-dependent adenylate cyclase activity in
plasma membranes from S49 cyc- lymphoma cells, which lack endog-
enous G, (31-33). Briefly, S49 cyc- lymphoma cells were harvested
and plasma membranes prepared by the method of Ross et al. (34).
The adenylate cyclase reconstitution assay for G, activity used was an
adaptation of the method of Sternweis et al. (35). Cholate solubilized
liver plasma membranes (60 ,l) were incubated with 25 Mi of AMFfor
10 min at 0°C. AMFconsists of ATP (I mM), MgCl2 (10 mM), NaF
(10 mM), and AlCl3 (0.25 mM). Subsequently, 15 Ml of this mixture
was mixed with 25 ,gl of cyc- plasma membranes on ice and allowed to
incubate for 30 min on ice. During this period G, reconstitutes with the
adenylate cyclase of the cyc- plasma membranes. Next, 20 Ml of Tris
(150 mM, pH 8.0), ATP (2 mM), MgC12 (15 mM), NaF (10 mM),
AlCl3 (0.25 mM), potassium phosphoenolpyruvate (9 mM), pyruvate
kinase (30 Mg/ml), and BSA (0.3 mg/ml) were added, and the sample
was incubated for 10 min at 30°C. At this point, 40 M1 of assay cocktail
was added to the sample and the mixture was incubated for 30 min at
30°C. Assay cocktail consisted of Tris (125 mM, pH 8.0), ATP (0.25
mM), [a-32P]ATP (- 10-6 cpm), MgCl2 (20 mM), EDTA (2.5 mM),
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isobutylmethylxanthine (0.25 mM), NaF (10 mM), AlCl3 (0.25 mM),
potassium phosphoenolpyruvate (7.5 mM), and pyruvate kinase (25
ug/ml). The reaction was terminated and cyclic AMPquantitated as
described above for adenylate cyclase (28).

Antiserum production. In initial studies antisera were raised to syn-
thetic peptides corresponding to internal sequences of several G pro-
tein a-subunits including the peptide termed "a-common" (36). How-
ever, in agreement with the findings of Mumbyet al. (37), these anti-
sera reacted poorly or not at all with rat liver membrane G-proteins.
Synthetic peptides corresponding to the COOH-terminus of Td have
been used to raise antibodies to Td and various Gis including the 41-kD
pertussis toxin substrate in rat liver (16). Therefore we synthesized
peptides corresponding to the COOH-terminal decapeptide of several
G-protein a-subunits including: ai-3 (38, 39), a, (38, 40), ao (38, 40),
aT (41), ai-1, and ai-2 (38, 39). Since the latter two have identical
COOH-terminal decapeptide sequences (38, 39) the peptide corre-
sponding to this sequence is termed ai- 1,2-

The peptides were synthesized as undecapeptides with an NH2-ter-
minal cys (in order to increase cross-linking efficiency to keyhole lim-
pet hemocyanin) using the solid-phase method of Merrifield (42) on a
Beckman 990 peptide synthesizer. HF cleavage of the peptide from the
carrier resin was performed on ice (I h) in the presence of 10% anisole
and 1% ethanedithiol. The resulting mixture was washed three times
with ether and the peptide was extracted with 10% acetic acid. After
lyophilization to dryness, peptides were purified on a 200-ml G-10
column equilibrated with 10% acetic acid and lyophilized. The com-
position of each peptide was verified by HPLCamino acid analysis as
described by Bidlingmeyer et al. (43) after precolumn derivatization of
the acid hydrolyzed peptide with phenylisothiocyanate.

The synthetic peptides were cross-linked to the carrier protein key-
hole limpet hemocyanin as described by Green et al. (44) except that as
coupling-reagent we employed a soluble analogue of m-maleimido-
benzoyl-N-hydroxysuccinimide ester (sulfo-MBS; Pierce Chemi-
cal Co.).

Three rabbits were immunized per peptide using the protocol of
Green et al. (44) and animals were bled 4 wk after the initial injection
and 7-10 d after booster injections every 5 wk.

ELISA and immunoblots. Production of antibodies and cross-reac-
tivity with other peptides were measured using an ELISA and the
Vectastain ABC kit for detection of rabbit IgG (Vector Laboratories,
Burlingame, CA) as previously described by Van Eldik et al. (45). The
assay was conducted in 96-well microtitration plates at an antigen
concentration of 200 ng peptide/well. Binding of antibodies to endoge-
nous liver plasma membrane proteins was detected following PAGEof
SDS solubilized liver plasma membranes. Transfer of the protein to
nitrocellulose and immunodetection were performed as described by
Mumbyet al. (36, 37).

Results

Effect of streptozotocin, IAP-injection, and naturally occurring
diabetes on liver plasma membrane markers. Liver plasma
membranes were isolated from Sprague-Dawley control, STZ-
diabetic (7 d following a single injection of streptozotocin to
Sprague-Dawley rats), TAP-treated (24 h after a single injection
of IAP into Sprague-Dawley rats), BB/Wor-diabetic (1-6 d
following detection of diabetes) and DB-RES rats (which
served as controls for the BB/Wor). TAP-treated animals were
studied in view of the paper by Gawler et al. (16) in which Gi
activity was reported to be abolished by diabetes. We have
previously shown that the TAP-treatment used in these studies
results in ADP-ribosylation of over 97% of liver plasma mem-
brane Gand prevents the ability of angiotensin TI to decrease
glucagon-elevated cAMPlevel in liver cells (22), a measure of
Gi activity (46).

The IAP-treatment protocol had no significant effect on
plasma membrane maximal binding capacity (Bmax) of a,-
adrenergic, V1-vasopressin, or angiotensin II receptors, which
may serve as plasma membrane markers (22). When plasma
membranes from STZ-diabetic rats were compared to control
membranes a 20-30% decrease was observed in a1-adrenergic
receptor maximal binding capacity with no change in affinity
for [3H]prazosin. However, no significant changes were ob-
served in the binding parameters of angiotensin II or vaso-
pressin receptors. Furthermore, no alterations were observed
in the mass measurements of phosphatidylinositol 4,5-bis-
phosphate and phosphatidylinositol 4-phosphate in the STZ-
diabetic membranes.2 Table I shows that neither STZ-diabetes
(5, 15 cf. 13, 14, 17, 18) nor spontaneous diabetes significantly
altered 5'-nucleotidase activities of liver homogenates or
plasma membranes when compared with their respective con-
trols.

Basal and forskolin-sensitive adenylate cyclase activity.
Table II shows that adenylate cyclase activity in response to
100 ,uM forskolin was not significantly different between con-
trol and STZ-diabetic animals (cf. 14, 16). In agreement with
this finding, basal activity was also not altered by STZ-diabetes
(Table TI). Further, no difference was observed when adenylate
cyclase was assayed in the presence of ATP and Mn2+, which
may be a more accurate reflection of the catalytic component
per se (Table III). In contrast both basal and forskolin-sensitive
adenylate cyclase were elevated in acute diabetic BB/Wor-dia-
betic animals as compared to DB-RES (Tables II and III).

GTPand glucagon stimulation of adenylate cyclase. Nei-
ther streptozotocin- or IAP-treatment caused any significant
effect on the EC50 for GTP (Fig. 1) and GTPyS (data not
shown) stimulation of adenylate cyclase activity. However,
maximal and submaximal concentrations of these guanine
nucleotides elicited greater adenylate cyclase activity in mem-
branes from animals receiving either treatment. The increases
in a series of experiments (50-100 ,uM nucleotide) were
smaller in membranes from STZ-treated rats (133±7% of con-
trol, n = 15 animals, P < 0.05, t test) than in membranes from
TAP-treated rats (196±20% of control, n = 3 animals, P< 0.05,
t test).

GTP-sensitive adenylate cyclase activity was also increased
in BB/Wor rats (Fig. 1) relative to DB-RES, although no effect
was observed on the EC50 for this compound. The magnitude
of the increase in GTP-sensitive adenylate cyclase (50-100 gM
GTP) activity observed in the BB/Wor-diabetics was larger
than the increase in basal activity in a series of experiments
(i.e., 210±12% forGTP vs. 166±17% forbasal, P< 0.05, ttest)
and therefore may not be due just to a change in adenylate
cyclase per se.

Fig. 2 shows that neither STZ- nor IAP-treatment affected
the EC50 for glucagon activation of adenylate cyclase, which
ranged from 3 to 10 nM in four different experiments. How-
ever, as with GTP, glucagon responses (measured in the pres-
ence of 50 ,uM GTP) were larger in membranes from IAP-
treated and STZ-diabetic animals. In the absence of GTP, the
glucagon response was greatly reduced (15). The increment in
cAMPproduction in IAP-treated membranes in response to

2. Blackmore, P. F., C. J. Lynch, S. B. Bocckino, B. Bouscarel, S. J.
Taylor, G. Augert, and J. H. Exton, unpublished observations.
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Table I. 5'Nucleotidase Activity in Rat Liver Homogenates
and Purified Liver Plasma Membranes

Homogenate Plasma membrane
Experimental group (strain) activity (n)* activity (nW

mgPi/mg protein/h mgPi/mg protein/h

Control (Sprague-Dawley) 0.037±0.005 (8) 1.81±0.19 (9)
STZ-diabetic

(Sprague-Dawley) 0.030±0.006§ (8) 1.40±0.21§ (9)
DB-RES Control

(Wistar-derived) 0.023±0.001 (5) 1.36±0.11(5)
BB/Wor-diabetic

(Wistar-derived) 0.021±0.002§ (5) 1.24±0.10§ (5)

* n represents the number of animals tested.
n represents the number of different membrane batches tested con-

taining two to four animals per batch.
§ Not significantly different from genetic control as determined by
Student's t test (P > 0.05).

glucagon plus GTP(234±12%, n = 3 animals) was comparable
to the increase in response to GTP alone. In STZ-diabetic
membranes the glucagon (plus GTP) responses were signifi-
cantly higher than the responses to GTPalone [(160±15% for
1 ,uM glucagon plus 50 ,AM GTPin four studies vs. 133±7% for
50-100 ,uzM GTPalone in 11 studies) (P < 0.05, t test)].

Fig. 2 also shows that hepatic adenylate cyclase of BB/
Wor-diabetic rats showed increased responsiveness to gluca-
gon relative to DB-RES rats (238±12% for 100 nMglucagon
from five determinations, P < 0.05, t test). In agreement with
the findings with the STZ model, in BB/Wor-diabetic mem-
branes, the glucagon (plus GTP) responses were also signifi-
cantly higher than the responses to GTPalone (238±12% vs.
210±12%, respectively) and no effect was observed on the EC50
for glucagon which ranged from 2 to 5 nMin these animals.

Fluoroaluminate and cholera toxin A-subunit stimulation
of adenylate cyclase activity. In Fig. 3, the effects of NaF on
adenylate cyclase were measured in the presence of 250 ,M

Table I. Basal and Forskolin-stimulatable Adenylate Cyclase
Activity in Liver Plasma Membranes from Control
and Diabetic Animals*

Adenylate cyclase activity

Forskolin-stimulated
Experimental group (strain) Basal (100 AM)

pmol cAMP/mgprotein/15 min

Control (Sprague-Dawley) 150±11 10,900±520
STZ-diabetic (Sprague-Dawley) 140±4$ 11,000±580*
DB-RES Control (Wistar-derived) 122±9 6,460±400
BB/Wor-Diabetic (Wistar-derived) 203±32§ 12,900±1043§

* Basal and forskolin-stimulated activity was determined in the ab-
sence of GTPand in the presence of 5 mMmagnesium acetate.
* Not significantly different from genetic control as determined by
Student's t test (P > 0.05).
§ Significantly different from genetic control as determined by Stu-
dent's t test (P < 0.05).

Table III. Magnesium- and Manganese-stimulatable Adenylate
Cyclase Activity in Liver Plasma Membranes from Control
and Diabetic Animals*

Adenylate cyclase activity

MgS04 MnSO4

Experimental group (strain) 10 mM 100 mM 10 mM 100 mM

pmol cAMP/mgprotein/i5 min

Control (Sprague-Dawley) 257±6 656±17 237±7 652±5
STZ-diabetic

(Sprague-Dawley) 246±7$ 648±15* 244±2* 655±15
DB-RES control

(Wistar-derived) 196±4 440±10 165±2 460±3C
BB/Wor-Diabetic

(Wistar-derived) 370±4§ 780±12§ 371±10§ 938±11 1§

* Activities were measured in the absence of GTP. Data are represen-
tative of two studies on separate membrane batches.
* Not significantly different from genetic control as determined by
Student's t test (P > 0.05).
§ Significantly different from genetic control as determined by Stu-
dent's t test (P < 0.05).

AlCl3. These experiments were conducted in the absence of
GTP. The response to fluoroaluminate was biphasic in all of
the experimental groups. The responses were maximal at
5-7.5 mMNaF and decreased at higher concentrations. The
inhibition at higher NaF may be attributable to an effect on Gi
or a salt effect. As expected, IAP-treatment had no significant
effect on adenylate cyclase activity stimulated by maximal
concentrations of fluoroaluminate, since this ion is capable of
overcoming the inhibitory effects of IAP.

A

1000 T
A

> E IAPi

W 6 A BB/Wor

00>- L_500

wE

O a. CONTROL D-E

8 7 6 5 4 8 7 6 5 4
-log [GTP], M

Figure 1. GTPstimulation of adenylate cyclase activity. Adenylate
cyclase activity was measured in liver plasma membranes prepared
from left: Sprague-Dawley control (o), 7-d STZ-diabetic (-), and 24 h
IAP-treated (A) rats or right: DB-RES control (o) and BB/Wor-dia-
betic (v). The assay was conducted in the absence or presence of the
indicated concentrations of GTP. Each point is the mean of triplicate
determinations and is representative of three or more studies on sep-
arate membrane batches. Bars represent the standard error which ex-
ceeds the size of the symbol.
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mg/ml BSA. (Left) Liver plasma membranes were from Sprague-
Dawley control (a), 74d STZ-diabetic (o) and 24 h IAP-treated (A)
rats. (Right) Liver plasma membranes were from DB-RES control
(o) and BB/Wor-diabetic (in) rats. Each point is the mean from tripli-
cate determinations and a representative of three or more studies on
separate membrane batches. Bars represent the standard error which
exceeds the size of the symbol.

In contrast, membranes from STZ-diabetic animals exhib
ited elevated adenylate cyclase activity in response to all con-
centrations of NaF tested (Fig. 3). BB/Wor-diabetic rats also
showed increased responsiveness to fluoroaluminate com-
pared with DB-RES. The extent of this increase was larger at
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Figure 3. Fluoroaluminate stimulation of adenylate cyclase. (Left)
Adenylate cyclase activity was measured in the presence of 250,uM
AIC13 and the concentrations of NaF shown in membranes from
Sprague-Dawley control (o), 7-d STZ-diabetic (-) and 24-h LAP-
treated (A) rats. (Right) DAREScontrol (o) and BB/Wordiabetic
rats (m). GTPwas not present. Each point is the mean from triplicate
determinations with bars representing the standard error where it ex-
ceeds the size of the symbol. This experiment is representative of
three studies on each model using different membrane batches.

submaximal (e.g., from 299 to 361%) than at maximal con-
centrations of NaF (e.g., 211-244%).

Fig. 4 shows the concentration-dependent stimulation of
adenylate cyclase by the A-subunit of cholera toxin. These
experiments were performed in the presence of sodium phos-
phate, GTP, and NAD. Sodium phosphate is necessary for
optimal modification of G, by cholera toxin (29), but has in-
hibitory effects on adenylate cyclase. For this reason a lower,
less inhibitory, concentration of sodium phosphate (100 mM)
was employed in these studies, as compared to 400 mMused
in [32P]ADP ribosylation experiments. As compared to con-
trol, membranes from STZ-diabetic animals displayed an in-
creased response to every concentration of cholera toxin A-
subunit tested (Fig. 4, Table IV). In agreement with the find-
ings with GTP and glucagon, cholera toxin produced even
greater increases in membranes from IAP-treated rats (Fig. 4).
The effect of STZ-diabetes on cholera toxin-stimulated ade-
nylate cyclase activity could be partly reversed by insulin re-
placement (Table IV) supporting the idea that this effect is due
to loss of insulin. Sodium phosphate and NADreduced the
elevation in BB/Wor hepatic adenylate cyclase typically ob-
served in the presence of GTP alone (from 166±16% to
128±4% above the activity observed in DB-RES). This was
increased to 170-180% above the DB-RES controls in the
presence of all concentrations of cholera toxin A-subunit
tested (Fig. 4). Thus the changes in fluoroaluminate- and chol-
era toxin- as well as GTP- and glucagon-stimulated activities
were in excess of the increases in basal cyclase activity of the
BB/Wor rat.

Angiotensin II inhibition of adenylate cyclase activity and
of cellular cAMPcontent. Angiotensin II inhibition of adenyl-
ate cyclase activity has been used as a measure of G1 function
in liver membranes (46). Angiotensin II inhibition of hepatic

BB/Wor
'-- 2000 lA TC.) U'f
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A
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U0~~~~~~~~~

00~~~~~
00. 50 / /CONTROL

4 0
00

0 20 40 60580100 0 20 4060 80100

[Cholera Toxin a-subunit], ug/ml
Figure 4. Stimulation of adenylate cyclase by the A-subunit of chol-
era toxin. Adenylate cyclase was measured in the presence of 100
mMsodium phosphate (pH 7.4), 5 mMNAD, 1 mMGTPand var-

ious concentrations of cholera toxin, A-subunit. Membranes were
from left panel: control (o), 7 d STZ-diabetic (o) and 24-h IAP-
treated (A) rats or right panel: DB-RES (o) and BB/Wor (i). Each
point is the mean from triplicate determinations with bars represent-
ing the standard error where it exceeds the size of the symbol. This
experiment is representative of three studies on each model using dif-
ferent membrane batches.
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Table IV. Insulin Replacement Reverses the Effect of STZ-
Diabetes on Cholera Toxin-Stimulated Adenylate Cyclase*

Animals
Experimental group per group cAMPformed %Control

pmol/mg protein/15 min

Control 3 1,540±64 100±4
STZ-diabetic 3 2,141±75 139±4
Insulin-replaced* 4 1,734±85 113±5

* Adenylate cyclase activity was measured in the presence of 70
mg/ml of cholera toxin A subunit and other additives as described in
Fig. 2 B legend. Data are means±standard errors from three experi-
ments on separate membrane batches.
t Insulin replacement was begun 3 d after streptozotocin injection in
Sprague-Dawley rats showing signs of diabetes (see Methods). These
animals (200-270 g) were injected on four subsequent days with 10
U of protamine zinc insulin per day (13) and sacrificed for mem-
brane preparation on the eighth day.

adenylate cyclase is optimally measured under conditions of
high salt and only in membranes previously washed in hypo-
tonic, EDTAcontaining buffer (46-48). While the exact rea-
sons for this have not yet been elucidated, salt concentrations
that decrease a1-adrenergic and VI-vasopressin binding affin-
ity, increase the affinity of angiotensin II receptors for agonist
and increase the effect of GTPanalogues on agonist binding
(22). Another index of Gi activity is angiotensin II inhibition of
cAMP accumulation in hepatocytes, which is attenuated in
cells prepared from animals treated with IAP (22).

Since the effects of diabetes on adenylate cyclase stimu-
lated by guanine nucleotide, glucagon, fluoroaluminate, and
cholera toxin were consistent with partial loss but not abolition
(16) of Gi in diabetes, we studied the ability of angiotensin II to
inhibit adenylate cyclase in membranes and cells prepared
from diabetic animals. In contrast to what was expected from
the findings of Gawler et al. (16), no effect of either STZ or
BB/Wor-diabetes on the ability of angiotensin II to inhibit
GTP-stimulated adenylate cyclase activity (Fig. 5) was ob-
served, although as expected, this effect was attenuated in
membranes from IAP-treated nondiabetic rats. In agreement
with the membrane studies (Fig. 5), neither form of diabetes
had any significant effect on the ability of angiotensin IT to
lower glucagon-elevated cAMP levels in hepatocytes (Fig. 6).
In summary, the results of the adenylate cyclase experiments
(Figs. 1-6, Tables I-III) were more consistent with an increase
in G, activity in STZ-diabetes or an increase in the catalytic
activity of adenylate cyclase and in G, activity in BB/Wor-dia-
betes rather than a physiologically important loss of Gi.

IAP- and cholera toxin-catalyzed [32P]ADP ribosylation of
G, and Gi. The incorporation of 32p into Gi or G, stimulated by
repetitive addition of [32PJNAD in the presence of IAP or
cholera toxin A subunit under conditions optimized for either
toxin was used as an index of the levels of Gi and G, in liver
membranes. Fig. 7 (A) shows that, as previously reported (22),
IAP-treatment resulted in a > 97% reduction of labeling of a
41-kD peptide in Sprague-Dawley rat liver plasma mem-
branes, (presumably one or more species of ai). Fig. 7 (A) also
shows that radiolabeling of Gi was not significantly different in
membranes from STZ-diabetic animals (i.e., 104±8% when
compared to control, n = 5 separate batches of membranes
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Figure S. Angiotensin II inhibition of adenylate cyclase activity in
liver plasma membranes. To enhance the effect of angiotensin II on
GTP-stimulated adenylate cyclase activity, 1 ml of frozen liver
plasma membranes (3-4 mg/ml) were thawed and resuspended in 14
ml of medium containing 10 mMTris HCl, 5 mMEDTAand 0.05%
j3-mercaptoethanol (46, 48, 49). Membranes were adjusted to 1 mg
protein/ml in buffer containing 200 mMLiCl, 10 mMTris HCl and
1 mMEDTA(49). Adenylate cyclase activity was measured for 10
min in the presence (filled bars) or absence (open bars) of angioten-
sin II (100 nM) and in the presence of 0.1 mMGTP, 200 mMLiCl
(28), 1 mMEDTAand other additions described in Methods. The
data are means and standard errors from triplicate determinations
and are representative of two such studies on separate membrane
batches. The numbers above the bars represent the IC50±SE for an-
giotensin II inhibition of adenylate cyclase activity determined from
separate concentration-response studies (not shown) employing nine
concentrations of angiotensin II between 0.1 nMand 10 ,M. IC50
values were not determined (ND) in membranes from IAP-treated
animals.
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Figure 6. Angiotensin II inhibition of cAMPformation in hepato-
cytes. Angiotensin II inhibition of glucagon-stimulated cAMPforma-
tion. cAMPwas measured in hepatocyte suspensions incubated for 5
min with various concentrations of angiotensin II in the presence of
10 nMglucagon. Mean glucagon-stimulated values were: (left) 4,045
and 5,570 fmol/mg wet wt in Sprague-Dawley control (o) and STZ-
diabetic (o) cells, respectively, and (right) 9,847 and 15,723 fmol/mg
wet wt, respectively, in DB-RES controls (o) and BB/Wor-diabetic
(-) cells. Results are from a single experiment representative of two
studies on each model.
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A 1 2 3 4 5 6 7 8 9 10 Figure 7. [32P]ADP ribosylation of
liver plasma membrane and ho-
mogenateproteins by 1AP. LAP-

JAMR..", 1 2 3 4 catalyzed 32P]ADP ribosylation of
116-~~ ~ ~ ~ ~ ~ ~ ~ ~ B,, isolated liver plasma membranes

A.-aft 205-S - and 100,000 g supernatants from
cholate-solubilized hepatocytes66-Uw~_;: 1 1 6-* Q was performed with three repeti-
tive additions of[32P]NAD as de-

66- scribed previously (16) prior to
c) 45 - polyacrylamide gel electrophoresis

of SDS-solubilized proteins and
autoradiography. (A) Lanes 1-4nIIF

45-SInshow a Coomassie blue-stained gel
and lanes 5-8 are the correspond-29- art : i;:i00 X Ading autoradiograph. These are rep-

-::::E::z:;-29 -I _ resentative of five studies on sepa-
rate membrane batches. Lanes Iand S

represent Sprague-Dawley

......: | control membranes, lanes 2 and 6
are membranes from 7-d STZ-dia-

: 1: fixs :gv so; * betic animals, lanes 3 and 7 are
membranes from 24 h 1AP-treated
animals and lanes 4 and 8 are
membranes from another group
of diabetic animals. Lanes 9 and
10 are autoradiographs of 100,000
g supernatants from cholate-solu-

bilized hepatocytes, [32P]ADP-ribosylated in the presence of 1AP. Hepatocytes were prepared simultaneously from control (lane 9) and diabetic
(lane 10) rats and adjusted to equivalent wet weight before solubilization and radiolabeling. (B) Lanes 1-2 show a Coomassie blue-stained gel
and lanes 3-4 are the corresponding autoradiographs from an experiment representative of four studies on separate membrane batches. Lanes I
and 3 represent DB-RES control membranes and lanes 2 and 4 represent BB/Wor-diabetic membranes.

from diabetic animals). Similarly, no change was observed in
Gi radiolabeling in cholate-solubilized hepatocytes prepared
from diabetic rats (Fig. 7 A).

In contrast, a 40±8% average decrease was observed in Gi
radiolabeling in nine separate batches of liver membranes
from BB/Wor-diabetic rats relative to DB-RES rats (Fig. 7 B).
According to the findings of Pobiner et al. (46) a 40%loss of Gi
would not be sufficient to influence angiotensin II inhibition
of adenylate cyclase activity due to spare Gi in this tissue. Our
data from Figs. 5 and 6 support this notion, since we did not
observe any change in angiotensin II inhibition. Interestingly,
despite the decrease in Gi radiolabeling in the BB/Wor-dia-
betic, we could detect no change in ai-3 immunoreactivity (see
below).

Weconsistently observed a significant increase in 32p in-
corporation from [32P]NAD into two (43 and 47.5 kD) pep-
tides (presumably a-subunits of Gj) stimulated by the A-sub-
unit of cholera toxin (Fig. 8, top). The increase in the radiola-
beling was the same for both peptides and ranged from 125 to
200% in a series of experiments (n = 7 separate membrane
batches). This effect could be partly reversed by insulin re-
placement (Table V). A significant increase was also observed
in the radiolabeling of these peptides in membranes from BB/
Wor rats (Fig. 8, bottom), however the extent of the increase
was not the same for both peptides (i.e., 153±6% vs. 120±5%
increase in the 43- and 47.5-kD peptides respectively, n = 4
separate membrane batches).

Heyworth and co-workers (49) have reported that a 25-kD
liver plasma membrane peptide (called Gins is radiolabeled in
the presence of cholera toxin and [32P]NAD. In agreement

with this finding we also observed the radiolabeling of a pep-
tide in this molecular weight range in the presence of 132P]-
NADand cholera toxin A subunit. The labeling of this peptide
was not altered by STZ or BB/Wor-diabetes. This lower Mr
peptide comigrated with cholera toxin A subunit (Fig. 8) and
was radiolabeled in the absence of plasma membranes (data
not shown).

S49 cyc- reconstitution assay for G, activity. Table VI
shows that the ability of cholate-solubilized liver membranes
to reconstitute with and stimulate S49 cyc- membrane adenyl-
ate cyclase in the presence of fluoroaluminate was significantly
greater in both diabetic models compared to their respective
controls.

Immunological studies
Wesynthesized peptides containing sequences corresponding
to the C-terminal decapeptides of several G-protein a-subunits
including ai1, ai-2, and ai3 (38, 39), aT (41), a. (38, 40), and
a. (38, 40). Another decapeptide, designated al-3*(r), was syn-
thesized in which serine replaced the cysteine located four
residues from the carboxy-terminus of ai-3 which is the site of
IAP-catalyzed ADP-ribosylation. A synthetic decapeptide
variant of ai-2, designated ail,2(w&a), was also made in which
arginine and asparagine replaced the lysine and aspartate lo-
cated six and five residues from the carboxy terminus, respec-
tively.3 Antisera to the peptides linked to keyhole limpet he-

3. This corresponds to the carboxyterminus of a protein initially
termed aH (50), but which should be classified as ai-2 (51).
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Figure 8. [32P]ADP-
ribosylation of liver plasma
membrane proteins by cholera
toxin A-subunit. Cholera toxin
A subunit-catalyzed [32P]ADP-
ribosylation of liver plasma
membranes was performed as
described in Methods before
polyacrylamide gel electropho-
resis of SDS-solubilized pro-
teins and autoradiography. (A)
Lanes 1, 2 are Coomassie blue
stained gels from an experi-
ment which is representative
of seven studies on separate
membrane batches. Lanes 3, 4
are the corresponding autora-
diograph. Lanes 1, 3 are
Sprague-Dawley control mem-
branes and lanes 2, 4 are
membranes from STZ-diabetic
animals. (B) Lanes 1, 2 are
Coomassie blue-stained gels
from an experiment represen-
tative of 4 on separate mem-
brane batches and lanes 3, 4
are the corresponding autora-
diograph. Lanes 1, 3 are DB-
REScontrol membranes and
lanes 2, 4 are membranes from
BB/Wor-diabetic rats.

mocyanin (44) were raised in rabbits as described in Methods.
This approach has been used for a number of G-proteins (16,
36, 37, 52).

Fig. 9 shows the peptide specificity and immunoreactivity
of antisera prepared against four of these peptides ai3, ao, as,
and aT. Antiserum 940, prepared against the ai-3 peptide
showed similar reactivity, at dilutions of 1/100 or less, toward
all of the peptides except a,. At greater dilutions, antiserum
940 was less effective at recognizing aT, a0, and aijl,2(argan)
peptides compared to ai-3, ai-3<ser) and ai-1,2 (Fig. 9 A). Anti-
serum 939, prepared against the aT peptide [identical to the
peptide employed by Gawler et al. (16)] displayed a broad
range of reactivities. The order of immunoreactivity for this
antiserum, at dilutions of 1/100 to 1/1,000, against the various
peptides tested was ai-1,2(amasn) > aT 2 a04-1,2> ai-3> ai-3(ser)
> ao > as (Fig. 9 B). The poor reactivity of this antiserum to G0
is in agreement with the findings of Gawler et al. (16) using
antiserum AS/7. However as exemplified by antiserum 918

Table V. Insulin Replacement Reverses the Effect of STZ-
Diabetes on Cholera Toxin-stimulated [32PJADP
Ribosylation of Gs*

Experiment 32P incorporated into
No. Experimental group G, a-subunits %Control

cpm

1 Control 1,242 100
STZ-diabetic 1,602 129
Insulin-replacedt 1,360 110

2 Control 1,392 100
STZ-diabetic 2,352 169
Insulin-replaced 1,238 89

3 Control 969 100
STZ-diabetic 1,508 156
Insulin-replaced 1,350 139

* [32PJADP ribosylation in the presence of cholera toxin A subunit
was performed as described in Methods. The 43-47.5 kD regions of
the polyacrylamide gels were excised and the radioactivity measured
by scintillation spectrometry. The mean of the distribution underly-
ing the STZ-diabetic values from the three experiments shown is
greater than that of control as determined by Student's t test (two
samples with paired observations, P < 0.05). In contrast the insulin-
replaced values were not found to be significantly different from con-
trol, P > 0.05).

Insulin replacement was performed as described in Table IV legend.

(Fig. 9 C) antiserum raised against the a. peptide was highly
specific for this peptide relative to the others. Antiserum 929
raised against peptide ao produced a weak reaction that was
relatively specific for the a., aj-3, and ai-3(ser), but not the
other peptides (Fig. 9 D).4

Fig. 10 shows the reaction of these antisera and preimmune
serum with liver plasma membrane proteins separated by
SDS-PAGE. Anti-aO serum and preimmune serum did not
react significantly in immunoblots with any proteins in the
38-49-kD range. The negative finding with anti-aO serum is in
agreement with studies indicating that G. is poorly expressed
in liver (37, 53, 54). In contrast, anti-ai-3 and anti-aT sera
showed strong reactivity towards a 41-kD protein. This was
also true for anti-ai_1,2 and anti-aI-3(ser) sera, whereas
anti-ai-1,2(argasn) serum recognized many proteins (all data not
shown). There was also some reaction of the anti-aT serum
with proteins in the 45-48-kD range (Fig. 10), however this
was inconsistently observed (e.g., Fig. 1 1). The anti-a. serum
reacted with two proteins of 43- and 47.5-kD weight (Fig. 10).
These correspond to the two cholera toxin substrates found in
rat liver plasma membranes and are presumed to be two spe-
cies of a,.

Weobserved no significant change in the level of the 41-kD
protein detected by anti-aT and anti-ai-3 sera in membranes
from either STZ-diabetic rats (three different membrane batch
preparations) or BB/Wor diabetic rats (five different mem-

4. Wealso raised peptide antisera to other regions of G,, Go,,, and
Gi.a2, and to a sequence commonto many G-protein a-subunits (36,
37). However, in agreement with Mumby et al. (37), these cross-
reacted too weakly with the rat liver plasma membrane proteins to be
useful in quantitating the G-proteins.

G-Proteins and Adenylate Cyclase in Diabetes 2057

A
205-
116-

66-
Co

I
0° 45-
x

29-

CT-

B

205-1
116-
66-

CV,

0

x

45-

29-

CT-



Table VI. Fluoroaluminate-stimulable Cyc-Reconstituting
Activity of Cholate Solubilized Liver Plasma Membranes

Experiment Cyc- adenylate
No. Experimental group (strain) cyclase activity %Control

pmol cAMP/mg solubilized
liver membrane protein/

15 min

1 Control (Sprague-Dawley) 371±19 100±5
STZ-diabetic (Sprague-Dawley) 463±12t 125±3t

2 DB-RES Control
(Wistar-derived) 1,575±94 100±6

BB/Wor-diabetic
(Wistar-derived) 2,038±58t 129±4$

* Cyc- protein concentration was 0.38 and 0.55 mg/ml in experi-
ments 1 and 2, respectively.
tSignificantly higher than genetic control as determined by Student's
t test (P < 0.05).

brane batch preparations) compared to the appropriate con-
trols (Fig. 1 1). This was not due to limitations in quantitation
since the amount of 41 kD protein detected was shown to be
proportional to the amount of membrane protein loaded on to
the gels (data not shown). These findings differ from those of
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Gawler et al. (16), who observed nearly complete loss of im-
munoreactivity to anti-aT sera in STZ-diabetic rats (16). In
contrast, immunoreactivity of the anti-a, sera with the 43- and
47.5-kD regions of immunoblots was increased 145±12% and
162±20% in STZ- and BB/Wor-diabetic rats, respectively,
compared to controls as determined by laser densitometry
(Fig. 1 1). This supports the conclusion that G, levels are in-
creased in diabetic rat liver.

Discussion

Several groups have explored the possibility that the hepatic
adenylate cyclase system is altered in diabetes (5, 8-18). Such
an alteration seems likely since naturally occurring and experi-
mental diabetes in rats have consistently been associated with
an increase in hepatic cAMPcontent (3-6).

In order to investigate this problem, most groups have used
the streptozotocin model of diabetes. Unfortunately, the re-
sults from these studies have been inconsistent. For example, it
has been reported that glucagon receptor binding capacity in
liver membranes or cells is either unchanged (9-11) or de-
creased (12-14) by experimental diabetes. Basal and gluca-
gon-stimulated hepatic adenylate cyclase activity has been
found to be either increased, decreased, or unchanged in STZ-
diabetes (5, 10, 12, 14-18). Furthermore, GTP-sensitive ade-
nylate cyclase or Gr-activity has been reported to be either
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Figure 9. Specificity of antisera for various peptides. Each panel represents an ELISA experiment performed with a single antiserum from a

rabbit injected with a decapeptide corresponding to the COOH-terminus of a specific Gprotein a-subunit (crosslinked to keyhole limpet hemo-
cyanin). Each symbol represents the COOH-terminal decapeptide of the follQwing G-protein a-subunits: O, aC_3; *, ai-3(se,);, , aj 1,2; A, aT; °,
as; ., ao; V, ai-l12(,rasn). Each point is the average absorbance from duplicate determinations.
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1 2 3 4 5 6 Figure 10. Immunore-
activity of antisera with
liver plasma membrane
proteins. 5 mgof SDS-

116- ^ s * * solubilized liver plasma
membrane protein were
loaded on a 10% poly-

66 _ _ | -acrylamide gel fitted
with a two-dimensional
gel comb consisting of

c,) 45- one 22 cm lane (sam-

0 4 pie) and a single 0.6 cm
line ('4C-protein molec-

x 2 9 :: t ! 4 ular weight standards).
Following separation by
SDS-PAGEand transfer
to nitrocellulose, the
portion of the blot con-
taining membrane pro-
tein was cut into
0.6-0.8 cm wide verti-
cal strips and immuno-
blotted with antisera as
follows: lane 1, anti-
serum 940 (anti-ai-3
peptide, 1/100 dilu-
tion); lane 2, antiserum

939 (anti-aT peptide, 1/50 dilution); lane 3, antiserum 927 (anti-a,
peptide, 1/50 dilution); lane 4, antiserum 929 (anti-a0 peptide, 1/25
dilution); lane 5, pooled pre-immune rabbit serum (1/50 dilution);
lane 6, antiserum 927 (anti-a5 peptide, 1/25 dilution). The labeled
molecular weight markers are shown on the left. Autoradiographs
were developed following overnight exposure at -70°C.

increased (15) or decreased (14). Alternatively, Gawler et al.
(16) have provided evidence that Gi is abolished in both al-
loxan- and STZ-injected diabetic animals. One explanation for
some of these discrepancies comes from the observation that
STZ-treatment can decrease plasma membrane markers in
liver homogenates and/or plasma membrane preparations (13,
14, 17, 18), although this too has been an inconsistent finding

Antisera no. Figure 11. Immuno-
blots of liver plasma

940 939 927 membranes from con-
trol and diabetic rats.
Liver plasma mem-

-F ^. branes (I 50 tg) of from

STZ * > ; :Sprague-Dawley con-
'V - trol, STZ-diabetic or

Wistar-derived DB-Res
and BB/Wor diabetic

DB-RES 3 1 rats were resolved by
SDS-PAGEand trans-

BB/Wor | E " fered to nitrocellulose.
The blots were treated

I I I with '251-labeled goat
45 45 45 anti-rabbit IgG (2 X 10s

_ 3 cpm/ml) as described
Mr x 10 byMumbyetal.(36,

37) following incuba-
tion with peptide antisera at the following dilutions: aniiserum 940
(anti-ai-3 peptide), 1/200; antiserum 939 (anti-aT peptide), 1/200;,
antiserum 927 (anti-a5 peptide), 1/50 dilution. In this figure, only the
38-48-kD regions of the blots are shown. The position of [14C]-
ovalbumin is indicated. Autoradiographs were exposed overnight at
-700C.

(Table I and references 5, 15). Another possible explanation
for some of these inconsistencies is that the severity of the
diabetic state varies with the dose and route of administration
of diabetogenic agents. The hepatoxicity of this class of com-
pounds may also account for some these differences (see 19 for
review).

In this study we sought to overcome these variables by
examining the roles of G5, G., and hepatic adenylate cyclase in
both the STZ and BB/Wor-diabetes models. The BB/Wor
model is a naturally occurring form of diabetes which is not
subject to the problems inherent to the STZ model and may be
more relevant to insulin-dependent diabetes mellitus in
humans (for review see 20, 21).

STZ-diabetes. Since previous studies have not revealed in-
creases in glucagon receptor number in liver cells or in liver
membranes from diabetic animals (9-14), we hypothesized
that the changes in hepatic cAMP content in STZ-diabetes
(3-5) might be due to changes in the expression or activity of
adenylate cyclase or of the G-proteins G( and Gi, which regu-
late the activity of this enzyme. To differentiate between these
possibilities we studied the effects of GTP, glucagon, forskolin,
fluoroaluminate, cholera toxin, and IAP on adenylate cyclase
activity.

A possible explanation of the increased adenylate cyclase
responsiveness in the diabetic state is an increase in the cata-
lytic activity of the enzyme. This appears unlikely for the
STZ-diabetic rats, since there were no changes in basal (Figs. 1,
3, and Table II) or forskolin-stimulated (Table II) adenylate
cyclase activity in these animals.

Another explanation is that the plasma membrane purifi-
cation procedure leads to a greater enrichment of these mem-
branes in the preparations from diabetic animals. However, we
observed no significant change in the levels of plasma mem-
brane markers, e.g., 5'nucleotidase activity, in the preparations
from STZ-diabetic rats (Table I, references 5, 15; cf. 13, 14, 17,
18). Dighe et al. (14) reported that the loss of plasma mem-
brane markers varied with the dose of STZand presumably the
severity of the diabetic state. While our animals were clearly
diabetic (i.e., urine glucoses > 200 mg/dl and serum glucoses
> 400 mg/dl), the diabetes may not have been severe enough
to cause changes in 5'-nucleotidase and other membrane
markers.2

Several differences were noted between the effects of IAP-
treatment and STZ-diabetes on adenylate cyclase. Plasma
membranes from both groups displayed an increased respon-
siveness to GTP, glucagon, and cholera toxin A subunit (Figs.
1, 2, 4). However, the increase was much larger in lAP-treated
membranes. These results per se are consistent with the view
that Gi activity is decreased though not abolished in diabetes
(cf. 16). However, a number of findings do not support this
conclusion as follows: (a) Angiotensin II inhibition of cAMP
formation in membranes and of glucagon-elevated cAMP
content in cells was not impaired by diabetes (Figs. 5-6), al-
though previous studies have shown that these are Gi-mediated
events (22, 46). (b) Weobserved no significant change in the
amount of the a-subunit of Gi following streptozotocin treat-
ment, as measured by [32PJADP ribosylation of the 41 kD
a-subunit of Gi performed in the presence of IAP and repeti-
tive addition of [32P]NAD (Fig. 7). (c) Wealso detected no
change in Gi when this was measured immunologically
(Fig. 11).

This latter result is discrepant with that of Gawler et al.
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(16), even though identical treatment protocols were em-
ployed, including dose of streptozotocin, treatment time, as
well as species, strain, sex, and weight of the rats. Wealso
consistently observed that diabetes did not alter basal adenyl-
ate cyclase activity, whereas they observed a 45-50% decrease
which was not reversed by insulin treatment (cf. 14). Wealso
found a greater maximal cyclase activity with glucagon in the
diabetic membranes compared with the control membranes,
whereas they observed the same maximal activity.

In the study of Gawler et al. (16) immunoblotting of crude
rat liver plasma membranes with antiserum to the COOH-ter-
minal decapeptide of aT was performed to measure the a-sub-
unit of Gi. In our study, we utilized antisera raised against this
peptide and also the COOH-terminal decapeptide of Gia_3.
Neither antiserum detected a difference in the Gia content of
purified liver plasma membranes from STZ rats (Fig. 1 1). We
also employed IAP-stimulated ADP-ribosylation of purified
liver membranes to measure Gi. Gawler et al. (16) and others
(54) have argued that pertussis toxin should not be used for
this purpose since it also recognizes Td and Go. However, these
peptides can be differentiated by mass from Gi in SDS-poly-
acrylamide gels (39/40 vs. 41 kD for Gij. Furthermore, Td is
primarily expressed in retinal tissue, and Godoes not appear to
be significantly expressed in liver (Fig. 10 and references 37,
53, 54). Pertussis toxin is also capable of identifying some
forms of Gp (the G-protein linked to phosphatidylinositol 4,5-
bisphosphate phosphodiesterase) in several tissues. However,
in rat liver, Gp is not functionally modified by IAP (22, 23)
suggesting that it is not a substrate.

Our data provide another explanation for the increased
responsiveness of adenylate cyclase and hepatic cAMPcontent
in STZ-diabetes, namely that there is an increase in Gs. This
conclusion comes from the increase in cholera toxin stimu-
lated [32P]ADP ribosylation of the 43 and 47.5 kD a-subunits
of Gs from membranes of diabetic rats (Fig. 8) the increase in
cyc- reconstitutable Gr-activity (Table VI) and the increase in
immunoreactivity of 43- and 47.5-kD proteins (presumed to
be Gs a subunits) against antiserum raised to the COOH-ter-
minal peptide of rat brain Gsa (Fig. 1 1). The ADP-ribosylation
and the increased responsiveness of adenylate cyclase to chol-
era toxin A-subunit, were reversed by insulin therapy (Tables
III and IV). An elevation of Gs is also consistent with all the
hepatic adenylate cyclase data (Figs. 1-5).

BB/Wor-diabetes. Spontaneously diabetic animals also
displayed increased adenylate cyclase activity relative to their
Wistar-derived nondiabetic controls (DB-RES). In contrast to
the STZ-diabetic's, however, BB/Wor rats displayed approxi-
mately twofold increases in basal and forskolin-stimulatable
adenylate cyclase. This increase accounted for the majority but
not all of the increases in GTP, glucagon, fluoroaluminate,
and cholera toxin-stiymulated adenylate cyclase in these rats.

In agreement with the data from the STZ-model, BB/Wor-
diabetics also displayed increased levels of Gs activity (Table
VI) and cholera toxin stimulated [32P]ADP ribosylation of the
43 and 47.5 kD liver membrane peptides, which are thought to
represent the a-subunits of Gs (Fig. 8). There was also an in-
crease in these subunits when measured immunologically
using antiserum against the COOH-terminal decapeptide of
Gm, (Fig. 1 1).

Wealso observed a 40% decrease in the IAP-stimulated
[32P]ADP-ribosylation of Gi in BB/Wor-diabetics. In contrast,

no decrease in Gia could be detected by immunological means
using antisera to the COOH-terminal decapeptides of ai-3 and
aT (Fig. 11). This suggests that there is no change in the
amount of Gia but that its susceptibility to ADP-ribosylation is
changed. This may indicate altered association between the
various subunits of heterotrimeric Gi in this naturally occur-
ring model of acute type I diabetes mellitus. Alternatively,
there may be a decrease in another Gprotein which does not
cross-react with the antisera, but can be ADP-ribosylated by
the toxin.

Pobiner et al. (46) have reported that rat liver contains
"spare" Gi, i.e., > 80% of Gi has to be modified before IAP
affects angiotensin II inhibition of adenylate cyclase (46). Thus
a 40% decrease in Gi in the livers of BB/Wor spontaneous
diabetic rats, if it occurs, would not modify angiotensin II
inhibition of hepatic cAMPcontent and membrane adenylate
cyclase activity.

In summary, while an increase in adenylate cyclase per se
seems to be the major contributor to increases in GTP-, gluca-
gon-, fluoroaluminate-, and cholera toxin-stimulated adenyl-
ate cyclase activity in the livers of STZ and BB/Wor rats, it
appears likely that the change in G5-activity is responsible for
part of the increase. In contrast, there is no change in Gi in the
STZ rat and the decrease in BB/Wor Gi, if it occurs, is not
sufficient to be physiologically relevant. With respect to the
increase in hepatic cAMPobserved in experimental diabetes
(3-5), it should be recognized that decreased cAMPphospho-
diesterase may also contribute (5). The livers of BB/Wor rats
also have elevated cAMP levels (6), but it is not known
whether or not the phosphodiesterase is changed.

The alterations in molecular components of the adenylate
cyclase system in the livers of diabetic rats raise a number of
interesting issues. The first is the mechanism(s) by which the
changes occur, i.e., the site at which insulin controls the ex-
pression of these proteins. The second is whether or not these
components are altered in other tissues in diabetes, e.g., adi-
pose tissue. The third is the possible relationship between the
increased responsiveness of adenylate cyclase to glucagon (and
other agonists) and the metabolic dysfunctions of diabetes,
e.g., enhanced lipolysis and gluconeogenesis. All of these issues
represent interesting areas for future research.
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