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Abstract

Further decoding of a novel adenylyl cyclase signaling mechanism (ACSM) of the action of insulin and related peptides detected earli
(Pertsevat al. Comp Biochem Physiol B Biochem Mol Biol 1995;112:689-95 and Perteeaa Biochem Pharmacol 1996;52:1867—74)
was carried out with special attention given to the role of protein kinase C (PKC) in the ACSM. It was shown for the first time that
transduction of the insulin signal via the ACSM followed by adenylyl cyclase (AC, EC 4.6.1.1) activation was blocked in the muscle tissue:
of rat and molluscAnodonta cygnean the presence of pertussis toxin, inducing the impairment,gfrGtein function, wortmannin, an
inhibitor of phosphatidylinositol 3-kinase (P13-K), and calphostin C, a blocker of PKC. The cholera toxin treatment of muscle membrane:
led to an increase in basal AC activity and a decrease in enzyme insulin reactivity. Phorbol ester and diacylglycerol activation of PKC (acu
treatment) induced the inhibition of the insulin AC activating effect. This negative influence was also observed in the case of the AC syste
activated by biogenic amines. It was first concluded that the ACSM of insulin action involves the following signaling chain: receptor
tyrosine kinase> G; (By) = PI3-K = PKC{ (?) = G, = AC = adenosine 35'-cyclic monophosphate. It was also concluded that the
PKC system has a dual role in the ACSM: (1) a regulatory role (PKC sensitive to phorbol esters) that is manifested as a negative feedbe
modulation of insulin signal transduction via the ACSM; (2) a transductory role, which consists in direct participation of atypical PKC
(PKCY) in the process of insulin signal transduction via the ACSM. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction ways of hormonal signal transduction. A modulating influence
of PKC on the AC system regulated by catecholamines, vaso-
In the last decade, there has been an accumulation of datgressin, histamine, and other hormones in different objects and
showing the existence in the cell of functional cross-talk be- tissues was shown [1-7]. The results of these investigations
tween the hormone-regulated AC signaling system and PKC,were very contradictory: in some cases, PKC activation by
which plays a key role in a number of lipid-dependent path- DAG and PE led to intensification of hormonal action on the
AC system, in others to its weakening. Such a picture of
cross-talk between the PKC and AC systems was ascribed by
* Corresponding author. Tel.:+7-812-552.3117; fax: +7-812- the authors to two circumstances: (1) The existence of different
552.3012. _ patterns of AC and PKC isoforms in various cells and tissues.
E-mall addresssveta@iephb.ru (M.N. Pertseva). - Many molecular isoforms of PKC (at least 12) [8] and AC (at
Abbreviations:PKC, protein kinase Co( A, ¢, ¢, ¢, its isoforms); AC, . ; . ) .
adenylyl cyclase (EC 4.6.1.1); AC I, II, etc. (isoforms of AC); Acsm, least 10) [9] possessing different properties have been identi-
adenylyl cyclase signaling mechanism; DAG, diacylglycerol; PE, phorbol fied. Specifically, they differ in their ability to interact with
esters; PMA, phorbol 12-myristate 13-acetate; PI3-K, phosphatidylinositol egch other. The presence of the key enzyme’s isoforms in cell
3-kinase; (}_pr(_)tein, stimulatory GTP-binding protein;i{Groteip, inhibi- is suggested to be of great importance in the signal processing
tory GTP-binding protein;a, B, v, the subunits of G-proteins; IGF-I, . . . g .
insulin-like growth factor-I; PT, pertussis toxin; ChT, cholera toxin; realized in a tlssue/cell-speqflc manner' (2) The ems_tgnce of
Gpp[NH]p, 5-guanylylimidodiphosphate; DTT, dithiothreitol; and camp, ~ Several targets for PKC action in the hormone-sensitive AC
adenosine 35'-cyclic monophosphate. system at different levels, namely receptor, G-protein, and AC.

0006-2952/01/$ — see front matter © 2001 Elsevier Science Inc. All rights reserved.
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Hence, the problem of functional cross-talk between these the serpentine type was also studied. Besides transduction of
two signaling systems is very complicated. Some aspects of thethe stimulatory hormonal signal, transmission via the
problem, such as the points of interaction and the mechanismsACSM of the inhibitory signal under the condition of PKC

of its realization, remain unclear. The available data in the

literature are concerned with hormones acting via receptors

activation was investigated.
We next studied the role of atypical molecular isoforms

penetrating the membrane seven times (serpentine receptorg)f PKC in the insulin-stimulated AC system using wort-

and coupled with the AC system [1-7]. It is commonly ac-

mannin, a specific inhibitor of PI3-K. The latter, when

cepted that the AC system is not involved in the mechanisms stimulated by insulin, generates phosphatidylinositol-3,4,5-

of action of hormones possessing receptors with intrinsic ty-

rosine kinase activity. However, our recent discovery of the
participation of the ACSM in the regulatory action of insulin
superfamily peptides (insulin, IGF-I, relaxin, and others) via
signaling chain: receptor tyrosine kinaseGgprotein= AC
[10-12] has changed the situation.

The present work is devoted to the further deciphering of
this ACSM and the role of PKC system in it, in particular.

triphosphate, which in turn activates PKCThus far, it is
not clear whether PKC participates in the regulation of
insulin signaling or if it is directly engaged in one of the
insulin-inducible signaling pathways, likely the ACSM.

As is known, PI3-K is activated bgy-subunits of het-
erotrimeric G-proteins (with (their main donor) [22] that
are released as a result of G-protein activation by different
hormones [23]. Proceeding from this information, we at-

Proceeding from data in the literature demonstrating the tempted to show an involvement of,-@rotein in insulin-

activating effect of insulin on PKC [13,14] on the one hand,
and the ability of PKC to phosphorylate the main compo-

nents of the hormone-regulated AC system (receptor, G-

protein, AC) [6,15] on the other, an attempt was made to

stimulated AC signaling using PT (as a tool fof-@otein
identification), which induces specific ADP-ribosylation of
o;-subunits resulting in Fprotein inactivation [24]. In ad-
dition, the influence of ChT treatment on the insulin-stim-

answer the question as to whether PKC is a necessary linkulated AC system was investigated to reveal the involve-

in the ACSM or a regulator of the process of insulin signal
transduction via the AC system.

First, the role of lipid-activated, serine/threonine-specific
PKC in the realization or modulation of the AC-stimulating
action of insulin in rat skeletal muscles and in smooth
muscles of the freshwater bivalve mollusnodonta cygnea
was studied. In these muscles, the ACSM of insulin action
in vitro andin vivo was revealed for the first time [10-12,
16]. The activation of PKC by insulin is realized, as was

ment of G-protein in ACSM as suggested by us previously
[10,11]. Finally, we studied the effect of calphostin C, a
highly selective inhibitor of different isoforms of PKC [25],
on transduction of the insulin signal via the ACSM.

Unlike many investigations devoted to this problem, our
study was carried out not on whole cells, but on plasma
membrane fractions isolated from rat and mollusc tissues.
Membrane fraction was chosen due to the following consider-
ations: first, the main components of the hormone-sensitive AC

established earlier, not along the classic phosphoinositidesystem (receptor, G-proteins, AC) are connected with the

pathway, but through the hydrolysis of phosphatidylinositol

plasma membrane; second, according to data in the literature

glycans and phosphatidylcholines, leading to the formation [15,26-29], in membrane fractions of different cells and tis-

of DAG and activation of DAG- and PE-sensitive isoforms
of PKC in a number of target tissues [11,13,17,18]. Atypical
DAG- and PE-insensitive isoforms of PKC, specifically
PKC{ regulated by insulin, are activated by lipid products of
the PI3-K reaction triggered by this hormone [19-21].

To account for the role of phorbol-sensitive PKCs, the de-
pendence of the AC-stimulating effect of hormone on their
activation by DAG and its lipid-soluble analog, PMA (acute

sues (including muscles), a number of PKC isoforms sensitive
to insulin are present in the basal (non-stimulated) state, spe-
cifically PKC «, A, &, and¢, and atypical PKG. Thus, both

partners (AC and PKC isoforms) whose interaction was under
study are present in the same cell fraction. Third, the use of
membrane fraction as compared to a whole cell has some
advantages. It allowed us to study the cross-talk between AC-
and PKC-dependent signaling systems at the level of cell

treatment imitating the insulin effect), was studied. The targets membrane, thereby avoiding more complex intracellular pro-
of PKC action in the insulin-regulated AC system were deter- cesses, specifically PKC translocation. This will render inter-
mined by studying the effect of the activators on different links pretation of the obtained data easier. Such an approach finds
of this signaling system, at the level of: (1) AC catalytic activ- confirmation in the studies of some authors [15,27] who de-
ity; (2) functional coupling of AC and Gprotein as estimated  tected interaction between AC and PKC systems in the mem-
by the stimulating effect on the enzyme of the non-hydroliz- brane fractions of some tissues and cells.
able GTP analog, Gpp[NH]p; and (3) receptor tyrosine kinase
and the initial postreceptor links as estimated by the functional
state of the insulin-activated AC signaling system as a whole. 2. Materials and methods

To answer the question as to whether the influence of
activated PKC on the AC system is hormone- and receptor-2.1. Chemicals and radiochemicals
specific, the effect of PKC activators on the AC system
regulated by biogenic amines (serotonin in the case of Creatine phosphate, creatine phosphokinase, GTP,
mollusc and isoproterenol in the case of rat) via receptor of Gpp[NH]p, Tris—HCI, alumina for column chromatography,
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ATP, cAMP, NAD, NADP, thymidine, DTT, EDTA, and  2.4. Bacterial toxins
imidazole were obtained from Sigma Chemical Co.

[a->?P]ATP (4 Ci/mmol) was from Isotope. PT (Sigma), an exotoxin isolated from the culture of
Bordetella pertussishas proved to be an invaluable tool in
2.2. Hormones the characterization of Gand G-proteins associated with

different signaling systems. The toxin catalyzes the ADP-

Mammalian insulin (24 1U) was obtained from Eli Lilly  ribosylation of G, (cysteine residue), leading to its inacti
and Co. and human recombinant IGF-I from Amersham. vation and blockade of hormonal inhibition of AC activity
Isoproterenol and serotonin were obtained from Sigma.  [24,32].

ChT A subunit (Sigma) was isolated froxfibrio chol-
2.3. Activators and inhibitors erae This agent induces the ADP-ribosylation of arginine
residue in G,. Such modification inactivates the GTPase

DAG is a natural and PMA (both from Sigma) a syn- and maintains G, in a permanently active state. As a result,
thetic activator of PKC isoforms belonging to the classical cholera toxin treatment enhances the catalytic activity of
PKC and novel PKC, but they have no effect on phorbol- AC and decreases its response to the regulatory effects of
insensitive atypical PKC. The activating effect of DAG and hormones acting via (24,32].

PMA is likely to be realized via a common mechanism
responsible for a highly selective increase in PKC affinity to 2.5. Membrane preparation
phosphatidylserine-containing membranes [30].

Calphostin C (Sigma) is a perylenequinone isolated from  Sarcolemma membrane fractions were isolated from the
Cladosporium cladosporioidedt is a potent selective in-  foot (smooth) muscle of the freshwater bivalve mollusc
hibitor of PKC showing at least 1000-fold greater potency Anodonta cygneand the leg skeletal muscle of the rat
against this enzyme than that obtained against a range ofRattus norvegicugfor each fraction 25-30 molluscs and
other protein kinases [25]. The mechanism of PKC inhibi- 4—6 rats were used) according to the method of Kidetai
tion by calphostin C is suggested to involve photoactivation al. [33], with our modifications. Pieces of muscle tissue
of the drug, resulting in the formation of a short-lived were homogenized in 0.25 M sucrose/40 mM Tris—HCI (pH
species that interacts with the cysteine-rich zinc-finger 7.5) buffer (buffer A). Homogenate was centrifuged at
structure of the PKC regulatory domain. This results in 1000 X g for 10 min. Supernatant was centrifuged at
irreversible inactivation of PKC. 100,000X g for 1 hr. The supernatant was then removed

Wortmannin (Sigma) isolated frorPenicillium wort- and the pellet resuspended in buffer A and centrifuged in
manniiis a fungal metabolite that acts as a potent selective sucrose density gradient (0.25 M : 0.8 M)180,000X g
and irreversible inhibitor of P13-K [31]. The mechanism of for 1.5 hr. Vesicles located between 0.25 and 0.8 M sucrose
its action consists in blocking the activity of PI3-K as a were collected and washed with 40 mM Tris—HCI (pH 7.5)
result of direct interaction with its catalytic subunit. Wort-  buffer using centrifugation a&00,000Xx g for 1 hr. Pellet
mannin also inhibits other kinases, such as myosine light was resuspended in 50 mM Tris—HCI (pH 7.5) buffer and
chain kinase and PI4-K, but at a concentration 100-fold used for AC activity assay.
higher than that required for inhibition of PI3-K. The membrane fractions were characterized by the ac-

The effects of insulin and the activators and blockers tivity of marker enzymes such as’-Bucleotidase (EC
mentioned above were studieéd vitro. The agents were  3.1.3.5) and Na,K-ATPase (EC 3.6.1.3) and by electron
added to the samples for determination of AC activity. microscopy (data are not shown). According to these crite-
Insulin was dissolved in 0.01 N HCI, serotonin and isopro- ria, the obtained preparations are fractions enriched in ex-
terenol were dissolved in Tris—HCI (pH 7.5), and DAG, ternal membranes of the muscle cell. As a result, 12- to
PMA, and calphostin C in DMSO. Stock solutions of these 15-fold purification of AC was achieved. These data are
agents were diluted with Tris—HCI (pH 7.5) to necessary consistent with our data described earlier [34]. The mem-
concentrations immediately before use. The activators andbrane preparations were very similar in terms of protein
blockers were preincubated with the samples for 10 min concentration (nearly 3 mg/mL) and enrichment with
(DAG, PMA, calphostin C) and for 5 min (wortmannin) marker enzymes.
followed by addition of insulin or other hormones (seroto-
nin, isoproterenol) at the concentration giving a maximal 2.6. Adenylyl cyclase assay
AC-stimulating effect [10]. The duration of action of insulin
was limited to 2.5 min, a time sufficient for the AC effect to AC (EC 4.6.1.1) activity was measured using the method
reach its peak [10]. In the case of serotonin or isoproterenol, of Salomonet al. [35], with some modifications. The reac-
the duration of action was limited to 10 min. Samples tion mixture (final volume 5QuL) contained 50 mM Tris—
treated in the same manner with the medium used to dis-HCI (pH 7.5), 5 mM MgC}, 0.1 mM ATP, 1 uCi
solve the hormones, activators, and blockers served as confa->?PJATP, 1 mM cAMP, 20 mM creatine phosphate, 0.2
trol. mg/mL of creatine phosphokinase, and 15+2§ of the
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membrane protein. Incubation was carried out at 37° (rat) and in mollusc membranes by 39-140% (Fig. 1). The effect
and 30° (mollusc) for 2.5 min (insulin) and 10 min (sero- was most pronounced in the concentration range 61°20
tonin and isoproterenol). The reaction was initiated by ad- 1078 M and diminished at a larger dose (T0OM). PMA
dition of the membrane protein and terminated by adding stimulation of AC basal activity in rat skeletal muscle was
100 wL of 0.5 N HCI and immersing the tubes in a boiling also observed by other investigators [38]. However, activa-
water bath for 7 min. One hundred microliters of 1.5 M tion of PKC by DAG (Fig. 2) and PMA (data not shown) in
imidazole was added to each tube. Under the assay condi+at and mollusc muscle membranes led to complete inhibi-
tion, the AC activity was linear. cAMP formed as a result of tion of Gpp[NH]p-stimulated AC activity. This provides
the enzyme reaction was separated according to White'sevidence for the impairment of functional interaction be-
method [36], using alumina for column chromatography. tween G-protein and AC.

The samples were placed on neutral alumina columns and In the case of PMA addition (I3°-10 7 M), the AC-
cAMP was eluted by 8 mL of 10 mM imidazole—HCl buffer  stimulating effect of insulinif vitro, 1078 M, 2.5 min)

(pH 7.4). The eluates were collected in scintillation vials signal transduction via the AC system is decreased in rat
and counted using an LKB 1209/1215 RackBeta scintilla- (Fig. 3) (from 100% to 46-54%) and in mollusc (Fig. 3)
tion counter. Each assay was carried out in triplicate at least(from 100% to 38—-19%) muscles. An analogous phenom-
three times, and the results were expressed as pmol cAMPfnon was observed in the mollusc and rat muscles in the

min per mg of membrane protein. presence of DAG (data not given).
To establish the specificity of the effect of PKC activa-
2.7. ADP-ribosylation procedure tion induced by PMA and DAG on insulin signal transduc-

tion, the AC-stimulating effect of the other hormones me-

The samples of membrane fraction (concentration of the diated via serpentine receptors (serotonin for mollusc,
membrane protein was 0.95-1.0 mg/mL) were incubated atisoproterenol for rat) was studied under the same conditions.
30° (for mollusc) or 37° (for rat) for 45 min with or without  As is shown in Fig. 4, in the presence of DAG and PMA the
10 pg/mL of PT or 100wg/mL of ChT in 400uL of 50 mM effect of biogenic amines vanished in mollusc and rat.
Tris—HCI (pH 7.8), 2 mM MgC}, 1 mM EDTA, 10 mM Consequently, PKC inhibition of stimulatory signal trans-
DTT, 0.1 mM NAD, 1 mM NADP, 0.1 mM GTP (for PT)  duction via the AC system is not hormone- or receptor-
or Gpp[NH]p (for ChT), 1 mM ATP, and 10 mM thymidine.  specific.
The toxins were previously activated in the presence of In the following series of experiments, the influence of
DTT and ATP for 15 min at 37°. After ADP-ribosylation, PKC activators on inhibitory signal transmission was inves-
the suspension was diluted to a final volume of 5 mL with tigated. The AC inhibitory effect of isoproterenol in the
an ice-cold 50 mM Tris—HCI (pH 7.5) buffer and centri- muscle tissue of the molluggnodonta cygnewas taken as
fuged at100,000x g for 30 min. Pellets were resuspended a model. There, we found that unlike the vertebrate tissues,
in 50 mM Tris—HCI (pH 7.5) buffer and immediately used B-adrenergic agonist (isoproterenol) induces inhibition of

for determination of AC activity. AC activity through thep,-adrenergic receptor and;-G
protein (G,) [39]. As is shown in Fig. 5the AC inhibitory
2.8. Protein assay effect of isoproterenol in the mollusc muscle membranes

(white bars without and with isoproterenol) is virtually the
The protein content was determined according to the same in the case of DAG and PMA activation of PKC. This

method of Lowryet al. [37] using BSA as a standard. result is in good agreement with the data of Morimoto and
Koshland [3], which suggests that the interaction between
2.9. Statistical analysis the PKC- and AC-dependent signaling systems takes place

only in the case of transduction of a stimulatory signal via
All data are presented as the meanSEM. Differences GgAC. It was concluded that the cross-talk between these
between control and the hormone-, activator-, and blocker- signaling systems occurs only when they both are in the
treated groups were statistically assessed using one-wayactivated state.
ANOVA and considered significant & < 0.05.
3.2. The effect of wortmannin, bacterial toxins, and
calphostin C on insulin-signal transduction via the

3. Results AC system
3.1. The effect of DAG and PMA on basal, Gpp[NH]p-, Wortmanninin vitro (10~ M) slightly reduced basal AC
and hormone-regulated AC activity activity in mollusc muscle membranes (Fig. 6). In the pres-

ence of wortmannin, the AC-stimulating effect of insulin
At the concentrations of I0°-10 7 M, both agents  was not found. A similar picture was observed in rat mus-
(DAG and PMA)in vitro stimulated the catalytic activity of  cles (data not shown).
AC in rat muscle membranes by 34—-140% over the control ~ PT treatment of the muscle membranes of mollusc and
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Fig. 1. Influence of DAG (10'°-10 7 M) and PMA (10 *°~10 7 M) on basal AC activity in muscle membranes of (A) rat and (B) mollusc. Vertical axis
(here and in the other figures): AC activity in pmol cAMP/min/mg of protein; Horizontal axi$igg of DAG or PMA concentration (M). C: control (white
bars) without DAG and PMA. Statistical significance of differences from the controls is indicate® by .05. Here and in the other figures, each point
represents the meah SEM for 4 values. The plotted data are from a typical experiment B-4.
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Fig. 2. Influence of DAG (108-10"7 M) on Gpp[NH]p-stimulated AC activity in the muscle membranes of (A) rat and (B) mollusc. Vertical axis as in Fig.
1. Horizontal axis: £) log of DAG concentration (M). C: control group without DAG. Concentration of Gpp[NH]p used was 0 Statistical significance
of differences between white and hatched bars in the control and DAG treatment groups is indicakee<hy.05.

rat (Table 1) led to a slight increase in AC basal activity of PT, respectively. Analogous data were obtained in the
(+9-22%) and to a significant decrease in the AC-stimu- case of the AC-stimulating effect of IGF-I (Table 1). Ac-
lating effect of insulin (10° M) (from 282% to 8% in cording to the mechanism of PT action [24,32], its effect is
mollusc and 71% to 2% in rat) in the absence and presenceinduced via ADP-ribosylation of Gprotein and is followed
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Fig. 3. Effect of PMA (10'°~10"7 M) on insulin-stimulated AC activity in the muscle membranes of (A) rat and (B) mollusc. Vertical axis as in Fig 1.
Horizontal axis: ¢) log of PMA concentration (M). Concentration of insulin used was®®I. A statistical significance of differences for each curve from
the control was foundR < 0.05).

by loss of its functional activity. As a result, the-@rotein transduction of inhibitory signals. In our case, PT treatment
inhibitory influence on basal AC activity is abolished, and led quite unexpectedly to the blockade of stimulatory signal
its function in hormone signal transduction is impaired. transmission, likely connected with the loss of ability of
However, the latter effect of PT is usually associated with G;-protein subunits to dissociation and releas@efdimer.
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Fig. 4. Effect of PMA (108 M) and DAG (108 M) on serotonin and -insulin +insulin

isoproterenol AC-stimulated activity in the muscle membranes of mollusc Fig. 6. Effect of wortmannin (10° M) on insulin-stimulated AC activity in

and rat. Vertical axis as in Fig 1. Horizontal axis: effect of PMA and DAG  mollusc muscle membranes. Vertical axis as in Fig 1. Horizontal axis:

in the absence (control) and presence of serotonin{M) (for mollusc) effect of wortmannin in the absence (control) and presence of insulir?(10

or isoproterenol (10° M) (for rat). M). Statistical significance of differences between white and hatched bars
in the group with insulin is indicated byP < 0.05.

As is known, By-dimer mediates a number of stimulatory ) o )
signals, e.g. the activating effect on PI3-K [9,21]. mollusc and rat, but decreased insulin-stimulated AC activ-

ChT treatment of mollusc and rat muscle membranes led !ty in @ dose-dependent manner. The most pronounced ef-
to an increase in AC basal activity-09% and+101%, fect was observed at the concentration of 4. That
respectively; Table 1), which is ascribed [24,32] to stabili- qalphostln C mdeed.lnhlblts the insulin AC effept is con-
zation of the GTP-binding form of G subunit and to firmed by the negative values of the calphostin C effect
inhibition of its GTPase activity, both leading to the per- (Table 2)in a number of experiments (six out of ten). If
manently activated state of @rotein. Being highly acti ~ calphostin as an inhibitor did not block the insulin AC
vated, AC then loses reactivity to the hormone. Indeed, in effect, then the stimulating effect of this agent and insulin
our experiments with ChT (Table 1), the insulin- and IGF— Must 'be additive, i.e. the ftojtal effec.t will be positive. Cal-
I-AC—stimulating effect was weaker compared to the con- Phostin C also had an inhibitory action on Gpp[NH]p- and
trol (without toxin). It should be pointed out that the com- Nsulin+Gpp[NH]p-stimulated AC activity (data not
bined effect of ChT and insulin on AC was less than SNOWn). Thus, the blockers of PI3-K,@rotein, and PKC
additive (Table 1). This implies that the target for ChT and USed in our study exercised an inhibitory influence on insu-
insulin action was the same G-protein, namely thg G lin signal transduction via the ACSM.
protein, which supports our idea about the involvement of
this G-protein in the ACSM of insulin action. _ _

Calphostin Cin vitro (10~**~10"" M) (Table 2) in- 4. Discussion

creased AC basal activity in the muscle membranes of
To begin with, there is a great similarity in the data

obtained in all experiments on the muscle tissues of the

160 representatives of mammals (rat) and mollustsodonta
PMA DAG without cygned, which renders the discussion easier. This is in good
agreement with the statement concerning the common prin-

120 | ’ DAG or PMA ciples of the structural-functional organization of AC- and

. 1] L] PKC-dependent signaling systems in vertebrates and inver-
80 b 1 _ . tebrates [40,41].

B £ 10 It follows from the facts obtained in this work that the

5

DAG- and PMA-activated PKC system has several targets
of action in the insulin-regulated AC system. The first is at
the level of AC, whose catalytic activity was appreciably
| intensified under the condition of PKC activation by DAG
and PMA. According to data in the literature, PMA can

, o _ _— either increase the catalytic activity of AC or decrease it.
Fig. 5. Effect of PMA and DAG (10" M) on isoproterenol-inhibited AC The direction of the effect depends on the type of isoforms
activity in mollusc muscle membranes. Vertical axis as in Fig 1. Horizontal . ) | )
axis: effect of PMA and DAG in the absence (control) and presence of Of PKC and AC in the tissue under study. An increase in the
isoproterenol (10° M). *P < 0.05. AC catalytic activity (AC isoforms |, Il, and 1ll) in response

AC (pmol cAMP/min/mg)
N\

-
|

7
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Table 1
Effect of bacterial toxin treatment of muscle membranes of mollusc and rat on basal, insulin-, and IGF-I stimulated AC activity

AC activity (pmol cAMP/min/mg of protein)

Mollusc Rat
-PT +PT -PT +PT
Basal 63.2+ 4.1 69.1+ 9.6 Basal 39.7+ 3.4 48.5+ 2.0
[+ 9%)] [+ 22%]
Insulin 10°° M 241.5+ 18.1 74.2+ 7.6 Insulin 10° M 67.9* 3.6 48.2+ 2.7
(+ 282%) [+ 8%] (+ 71%) [+ 2%)]
IGF110°M 139.2+12.4 76.8+ 7.3 IGF110°M 57.4+21 43.1+ 1.6
(+ 120%) [+ 11%] (+ 45%) [~ 11%]
—ChT +ChT —ChT +ChT
Basal 17.4+ 1.0 34.6* 3.6 Basal 39.6- 2.6 79.7+ 2.7
[+ 99%] [+ 101%]
Insulin 10°° M 65.6+ 4.8 48.9+ 25 Insulin 10° M 69.3+ 2.8 105.8+ 7.4
(+ 276%) [ 42%] (+ 75%) [+ 33%)]
IGF110°M 36.7+ 2.4 45.0x 1.6 IGF1 10°M 56.7+ 4.2 106.2+ 6.5
(+ 111%) [+ 30%] (+ 43%) [+ 33%]

Values are expressed as mean$SEM for six experiments. Figures in round brackets represent the stimulating effect of peptides in %, those in square
brackets the effect of insulin and IGF-I in % in the presence of the toxins.

to the action (10 min) of PMA was observed in different PMA treatment of the muscle membranes. The available
cells, while AC isoforms IV, V, and VI showed weak or no data shows that PK& whose effect in cell is dependent on
response [9,42,43]. PKCwas found to be capable of in- the type of AC isoforms, regulates their reactivity to G-
creasing the catalytic function of AC isoform Il [44]. There proteins in different ways [44]. Interaction between RKC
is a tendency to consider an increase in the catalytic activity and AC isoform Il leads to an increase in G-protgip+ and
of some AC isoforms as the result of elimination of the a-subunit AC-regulated activity. On the contrary, P&C
G;-protein inhibitory effect on AC caused by the loss of has a weak influence on the G-protgip-stimulated activ-
a;-subunit function due to PKC phosphorylation [9]. It has ity of AC isoform IV, but markedly decreases the G-protein
been reported that-subunits of two G-proteins, ;Gand a-subunit-stimulatory effect on the enzyme. It is via these
transducin, as well as thg-subunit of the latter are all AC isoforms that the integration of hormonal signals gen-
substrates of the phosphorylation of “Cgphospholipid- erated by receptors coupled with-5G;-, and G-proteins
dependent PKC [45]. and mediated through theiw and/orBy-subunits and PKC
The second target is at the level of-@otein and its occurs. a-Subunits of some G-proteins (G and G0
interaction with AC as estimated by the stimulatory Gpp[NH]p belonging to the Gprotein family were shown to be targets
effect on the enzyme. This effect was weaker after DAG and for the modifying action of PKC, which leads to their

Table 2
The AC-stimulating effect of insulin (I M) in the presence of different concentrations (38-10""M) of calphostin C
Calphostin AC activity (pmol cAMP/min/mg of protein)
concentration (M) Molluse Rat
—insulin +insulin —insulin +insulin
0 118+ 1.1 413+ 2.1 111+ 13 17.8x 1.1
[+ 250%] [+ 60%]
10™M 239+ 18 37.6x 2.7 23.4x 1.1 157+ 1.4
(+ 102%) [+ 57%] (+ 111%) [~ 33%]
107°Mm 253+ 2.2 34.3= 2.6 257+ 1.2 16.6+ 1.4
(+ 114%) [+ 36%)] (+ 132%) [~ 35%]
10°M 296+ 1.7 375+ 1.6 243+ 24 146+ 1.0
(+ 151%) [+ 27%] (+ 119%) [~ 40%]
108 M 37.7+13 33.4* 1.7 31.1+ 24 175+ 1.7
(+ 220%) [ 11%] (+ 180%) [~ 44%]
100°M 289+ 25 29.3= 15 221+ 2.0 14.8+ 1.0
(+ 145%) [+ 2%] (+ 99%) [~ 33%)]

Values are expressed as meanSEM for four experiments. Figures in round brackets represent the stimulating effect of calphostin C in %, those in square
brackets the effect of insulin in the presence and absence of calphostin C.
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phosphorylation [46]. PKC serine/threonine phosphoryla- C&*-activated PKC (Apl 1), an analog of conventional
tion of G-proteins occurs in th@y-binding region of its PKC isoforms &, B, andvy); and C&"-independent PKC
a-subunit. This process results in inhibition of hormone- (Apl II), similar to the novel PKC §, €, n, and ¢ isoforms)
induced signaling by the prevention of G-protein trimer of vertebrates [41,53].
association. As far as the isoenzyme spectrum of AC in the skeletal
The third target of activated PKC such as insulin receptor muscles of rodents (mouse) is concerned, the predominant
tyrosine kinase could not be excluded either. PMA-acti- AC isoforms are Il (53%) and VI (16%), whereas AC
vated PKC induces a reduction in the tyrosine kinase activ- isoform V is present only in low quantity [54]. In the
ity of insulin receptor that weakens the tyrosine phosphor- peripheral tissues, AC isoforms Il and V are regulated by
ylation of the receptor protein and its substrates [47,48]. In PMA-sensitive PKC (specifically PK& [55]. Here, our
a study carried out on the culture of CHO (Chinese hamster attention was focused on the insulin-regulated AC isoforms.
ovary) cells with over-expressed Pk(d48], activation of After our discovery of the novel ACSM of insulin action,
the latter led to the inhibition of signal transduction induced other authors showed that the target of the stimulating effect
by insulin and other insulin superfamily peptides (e.g. IGF- of this hormone is AC isoform V, which can be phosphor-
I). This antagonism manifests itself on the stage of ligand- ylated with PE-sensitive PK& and PE-insensitive PKL
stimulated tyrosine phosphorylation of several endogenic [6,55,56]. In addition, AC isoform Il, which serves as inte-
substrates of insulin receptor such as IRS 1-4 (insulin grator of different hormonal and growth factor signals pass-
receptor substrate), PI3-K, GAP (GTPase-activating pro- ing through the heterotrimeric G-proteins and PKC system,
tein), and Shc (protein related to endogenic substrate forcannot be excluded either [57]. It follows that cross-talk
insulin receptor). It follows that in our study the blockade of between the insulin-regulated PKC and AC systems the
insulin signal transduction via the AC system in the case of muscle tissues may involve (on the PKC side) PE-sensitive
PKC activation most likely occurs at the level of-@rotein PKCea, PKCB, and PKC isoforms, and (on the AC side)
and hormonal receptor. The functions of these signaling AC isoform V and possibly AC isoform Il. Taking into
molecules are suggested to be impaired due to their serineccount the well-known facts concerning the ability of all
threonine phosphorylation [45—-47]. AC isoforms to be activated with Gprotein [9], it is pos
According to the data presented here and the resultssible that some other molecular variants of the enzyme are
obtained by other authors [4,27,49], inhibition of stimula- also targets for the insulin-stimulating effect, mediated, as
tory signal transmission also takes place in the AC systemwe suggest, via Gprotein.
regulated by hormones acting via serpentine receptors. It Some results of our study of wortmannin and bacterial
was suggested that in these signaling systems there ardoxin effects on the insulin-stimulated AC system are wor-
several points of PKC negative influence such as receptor,thy of discussion. Wortmannin, being a selective inhibitor
Ggprotein, AC, and the interaction between them. The of PI3-K, blocks transduction of the insulin signal via the
negative effect is likely to involve @rotein, since it is AC system in rat and mollusc muscle tissues. At the same
eliminated as a result of PT treatment of the cells. Thus, time as slightly inhibiting AC basal activity, this agent
insulin and other hormones activating PMA-sensitive iso- distinctly suppresses insulin-stimulated AC activity. Ac-
forms of PKC induce (according to the principle of feed- cording to data in the literature [31,58], wortmannin directly
back regulation) the process of phosphorylation of the mo- interacts with the 110-kDa catalytic subunit of PI3-K,
lecular components of the hormone-sensitive AC system, thereby preventing production of lipid-signaling molecules
which results in a blockade of stimulatory signal transduc- and thereby weakening the insulin activation of atypical
tion. The cross-talk for both partners, PKC and AC, is PKC{. It was shown that other insulin-signaling pathways
isoenzyme-specific [9]. Below, isoenzyme specificity will leading to the metabolic (glucose transport) and mitogenic
be discussed from the point of view of investigations on effects of the hormone are also blocked [14,59]. Weakening
mammalian skeletal muscles, because there are few data onf insulin activation of C&"-independent PKC (isoform

PKC and AC isoenzyme spectra in mollusc tissues. Apl 1) by wortmannin was observed in the nervous tissue of
In rat skeletal muscles, four isoforms of PE-sensitive the molluscAplysia californica[53].
PKC have been identified, i.e. PKCPKCB, PKCe, and In discussing our data on wortmannin inhibition of the

PKCoy; these are present both in the basal and hormone-AC insulin effect in muscle membrane fraction, it should be
stimulated state in membrane and cytosolic fractions [28]. taken into account, that PI3-K, in the non-stimulated state,
The insulin-induced formation of DAG and the activation of is localized for the most part within the cell [19,20]. How-
these PKC isoforms were shown in rat skeletal muscles ever, data in the literature suggest the existence of PI3-K
[28,50]. The fact that the insulin effect on PKC took a short isoforms that are initially connected with the structural
time (1-5 min) to be felin vitro is probably due to the elements of plasma membrane, in particular with cytoskel-
direct interaction of PKC with insulin receptor and the eton underlying the membrane and therefore co-purifying
tyrosine phosphorylation of the enzyme [28,29,38,51,52]. In with it [60]. In our experiments, the inhibitory effect of
the nervous tissue of marine molludplysia californica wortmannin detected in the membrane fractions confirms
two insulin-activated forms of PKC have been identified: such a suggestion. This is in good agreement with observa-
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tions showing a close functional connection of PI3-K and its would remain unchanged. Consequently, the inhibitory ac-
products with plasma membrane [60]. tion of calphostin C may also be extended to PE-insensitive

The inhibition of insulin signal transduction via the AC isoforms of PKC. Among them, the first candidate that may
system as a result of PT treatment of muscle membranesbe involved in the insulin ACSM is PKG which is acti-
found in the present study implies the involvement ¢f G vated by the products of the PI3-K reaction triggered by
protein in this process. Published data show that receptorsinsulin [58] and is present in almost all tissues [18]. Rein-
coupled with G-protein can exercise a stimulating action on forcing our argument are our data on wortmannin inhibition
effector proteins due to liberation of-@rotein 3y-subunits of insulin signal transduction via the AC system (Table 2).
[9,61]. This pathway was shown for P13-K and other down- Taking into account the ability of PKC, PKCin particular,
stream stages of mitogenic signaling. Moreover, activation to phosphorylate both Gorotein and AC [55,56], PKC
of the receptor/Gprotein system d¢,-adrenoreceptor) was should be located upstream of-@rotein in the AC-signal
shown to lead to potentiation of Gtimulated AC activity, ing cascade. The supposition that growth factors, including
specifically AC isoform 1l [62]. These data support our insulin, can regulate AC activity (specifically AC isoform
suggestion concerning the participation affg3otein in the V) through PK@ was also voiced by other authors [56].
AC signaling mechanism of action of insulin and other Taking into account that our data concerning the involve-
peptides of the insulin superfamily [10-12]. The classic ment of PKQ in the ACSM of insulin action are indirect,
effect of ChT on the GAC system, which we observed in we are in the process of planning a study using specific
our experiments (Table 1), speaks in favor of such sugges-antibodies for PKE or specific inhibitor of the enzyme,
tion. The surprising discovery of inhibition by PT of the which would allow us to obtain the necessary confirmation.
insulin stimulatory effect on AC observed in the present  All the data obtained lead to the following conclusion.
study and our interpretation of this fact find conformation in The ACSM of insulin action in all probability includes, in
the work of Marjamakiet al. [63]. Investigating the inte-  addition to previously identified functional blocks such as
gration of different signals directed to AC (AC II, IV, and receptor tyrosine kinase, rotein, and AC [10,11], other
other enzyme isoforms) revealed that ligand activation of components such as,@rotein, PI3-K, and PKZ On the
a,-adrenoreceptor induces both positive;(J5and negative basis of our data and those in the literature, the following
(G;,) signals that act on g-stimulated AC and that both  insulin signal transduction cascade via the AC system may
signals are blocked by PT. be suggested. In the first stage, insulin-induced activation of

The facts obtained in the present work suggest the in- receptor tyrosine kinase leads to activation gfp@tein
volvement of the following additional components in the accompanied by dissociation and liberation of dtsand
ACSM: G-protein, PI3-K, and PKC This finds supportin  By-subunits. There is theoretical and experimental evidence
studies showing that among PKC isoforms insensitive to in favor of a direct interaction of insulin receptor with
PE, the target for the activating action of insulin and other G;-proteins [65—-67] as well as of participation ofi-G
growth factors is PK¢, whose activation occurs via the protein in the hormone action [68]. In the second stage,
P13-K-signaling pathway [14,17,56]. It deserves mention at By-dimer activates PI3-K, which catalyzes phosphoinosi-
this point that in the case of combined expression in the cell tide phosphorylation followed by the formation of 3-phos-
of PKCZ and AC isoform V, the stimulating effect of insulin  phoinositides [56,69]. In the third stage, the lipid messen-
on the process of cAMP formation is potentiated [6]. gers activate atypical PKC isoforms including PK{58].

The results of experiments with calphostin C also sup- In the final stage, PKC phosphorylates and, as a result,
port this view. Calphostin C is likely to be an inhibitor of all  activates alternatively either,rotein or directly AC (e.qg.
groups of PKC known so far (both PE-sensitive and atypical AC isoform V).
isoforms) [25]. Indeed, it has been shown that in human  The total result of the above events is stimulation of AC
dermal fibroblasts PKCis sensitive to the blocking action activity and intensification of cCAMP formation. Thus, the
of calphostin C [64]. In our experiments, calphostin C discovery and deciphering of a novel signaling mechanism
interrupted insulin signal transduction through the AC sys- of insulin action involving the AC system which had been
tem (Table 2). Since this agent increased the basal ACdenied in the literature will add missing knowledge to the
activity, the target of its inhibitory influence, i.e. PKC, must current picture of the insulin-signaling network concerning
be located upstream in the insulin-regulated AC signaling the role of cAMP in the regulatory effects of insulin and
system. related peptides. There are grounds to believe that this

As for PKC isoforms that can be directly involved in  ACSM is involved, first, in the action of insulin and other
AC-mediated insulin signaling, the group of PE-sensitive insulin superfamily peptides [10—12] and second, according
PKC is to be excluded. We have shown in the present studyto our hypothesis [10,11], in the mitogenic rather than
a negative influence of PE and DAG activation of these metabolic action of these peptides. Data in the literature
PKC isoforms on the insulin-stimulated AC system. If the concerning the key role of PI3-K and PK@n mitogenic
calphostin C inhibitory effect were directed only to PE- signaling [70,71] serve as additional evidence in favor of
sensitive PKC isoforms that exercise a negative influence onour hypothesis.
the AC system, then the AC-stimulating action of insulin In conclusion we tried, on the basis of the literature and our
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