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Abstract

Adenylyl cyclases, comprise of a large family of enzymes that catalyze synthesis of the cyclic AMP from ATP. The aim
of our study was to determine the effect of monovalent ions on both basal, stimulated adenylate cyclase EC 4.6.1.1
(AC) activity and C unit of AC and on GTPase active G-protein in the synaptic membranes of rat brain cortex. The
effect of ion concentration from 30 to 200mM (1mM MgCl,) showed dose-dependent and significant inhibition of
the basal AC activity, stimulated and unstimulated C unit activity. Stimulation of AC with 5 uM GTPYS in the presence
of 50-200 mM of tested salts showed inhibitory effect on the AC activity. From ourresults it could be postulated that
the investigated monovalent ions exert inhibitory effect on the AC complex activity by affecting the intermolecular
interaction of the activated a subunit of G/F protein and the C unit.of AC complex an inhibitory influence of tested

monovalent ions on these molecular interaction.

Keywords: Adenylate cyclase, GTPase,monovalent ions; synaptic membranes, rat brain cortex

Introduction

The monovalent <dons including Na’ Kf and  Cl-
represent the basic components of all mammalian
cells. Distributions of these ions on the cellular level
are maintained due to their active transport by the ionic
pump. The molecular basis of these pump is Na*,K*-
ATPase enzyme system located in the cell membrane'>.
Due to the activity of this enzyme, the intracellular
concentrations of Na* and CI- ions remain very low
compared to the high K* concentration. On the other
hand, the extracellular concentrations of these ions are
in the opposite manner®®. Moreover, the flux of Na*, K*
and CI- ions at the membrane level of neurons generate
an alteration in the membrane polarity (depolarization
or hyperpolarization), which is the key mechanism of
the interneural communication in the central nervous

system (CNS)*®. The effect of neurotransmitter signaling
in the CNS modulates the permeability and/or the active
transport of both monovalent (Na*, K* and Cl-) and
divalent (Ca* and Mg*) ions in both postsynaptic and
total neuron membranes*®. The neurotransmitters can
either directly or indirectly affect the permeability of the
above-mentioned ions at the neuron membranes as well
as the activity of Na*,K*-ATPase”®. The adenylate cyclase
EC 4.6.1.1 (AC) is transmembrane enzymes, which
catalyze conversion of the ATP to cAMP?. Further, cAMP
as the intracellular messenger activates protein kinase
A (PKA) that initiates an enzyme cascade reactions
of phosphorylation within the cell®. The mammalian
transmembrane AC consists of C1 and C2 homologous
cytoplasmic domains®. The catalytic inactivity of the AC
activity is occurred if either C1 or C2 domain is expressed
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separately. The activity of AC is gained exclusively
by combining both C1 and C2 domains allowing the
conversion of ATP to cAMP!"''2, Earlier, it was believed
that the active AC complex required the presence of two
metal ions for its activity. However, the active AC (C1/C2)
complex require only Mg* ion bound to the C1 domain
or to a lesser extend Mn?* ion bound to C2 domain'**.
The effect of divalent cations, such as Mg* and Ca*" on
the AC activity ha been relatively well documented'>%.
However, only a few studies demonstrated the effect
of both monovalent cations and anions on the AC
activity'-?. In addition, most of the studies investigated
the effect of both anions and cations, on the AC activity
in the membrane samples of the different peripheral
tissues, and opposite results were obtained. Some
studies observed only the stimulative effect of both
monovalent cations and anions on the AC activity by
applying different forms of salt*!, while the other studies
imposed the same effect exclusively on the monovalent
anions?****. Some authors emphasized stimulative effect
of the monovalent anions was directly depended on the
presence of Mg? ions®. Replacement of Mg** with Mn?*
ions significantly decreased the stimulative effect of Cl-
on the AC activity***. However, only a few studies tested
the effects of monovalent ions on the brain, especially
on the brain synaptic membranes AC activity’. The
stimulative effect of monovalent ions, such as Na*, K*,
choline*, and Cl- on the AC activity directly depended on
the presence of F~ ions**?, isoproterenol (with GTP)?"%
or nonhydrolyzing GTP analogs such as Gpp (NH)p and
GTPyS%. Furthermore, some studies showed the specific
inhibitory role of the monovalent cations, especially Li*
7 and Na*®" on the AC activity?®®. On the other hand,
some monovalent salts including NaCl, KCIl, RbCl and
CsCl demonstrated dose-dependent stimulative effect
on the AC activity in rat liver cell membranes; however
it was unclear if the simulative effect was induced either
by the cation or by the anion part of the tested salts, but
rather it was the consequence of both monovalent ions™.
Eventhough, the monovalent salts did not affected the
Km value for ATP*, they only increased the V__ of AC
activity®®. However, the most authors gave the advantage
to the anions as the active component of the monovalent
salts for both stimulatory and inhibitory effects on the
AC activity*»*°%, Finally, from all mentioned publishing
results it is quite difficult to conclude the actual effect
of the monovalent ions on the activity of AC complex.
Both the inhibitory and the stimulatory effects of the
monovalent ions differ in the relation to the type of the
prepared membranes, although opposed effects of the
monovalent ions were also observed within the same
membrane preparation®3334,

The aim of this paper was to examine the effect of the
monovalent ions, Na*, K*, Rb*, and choline*, in the form
of chloride (CI") salts (NaCl, KCl, RbCl and choline-Cl),
and in the presence of different Mg®* ion concentrations
on the basal and stimulated AC complex activity in the
synaptic membranes of the rat brain cortex.

Materials and methods

Experimental animals

Male Wistar rat’s weight 200 + 10 g was used as the experi-
mental animals. Animals were kept in the temperature-
controlled room (25°C). Food and water were ad libitium.

Brain tissue

The decapitation was performed between 8 am and 9 am
in the “cold room” (4°C). After decapitation brains were
removed from the skulls within 15 s and whole brains
were immersed in the cold (4°C) 0.32M saharose solu-
tion (“brain washing”). After 5min staying in this cold-
saharose solution the fore brain cortex were dissected.

Synaptic membranes separation

Separation of the synaptic membranes was performed
according to Gurd et al.*. In short, after the homogeniza-
tion of the brain tissue the synaptosomal fractions from
unpurified mitochondria, synaptosomal fraction were
separated using the Ficoll’s discontinued gradient. The
synaptosomal fraction were washed (0.32M saharose),
lysated (1mM tris-HCI buffer, pH = 7.4) and used for
the separation of the synaptic membranes by fractional
centrifugation on the multilayer saharose gradients. The
amount of the proteins in the samples was 1 mg/mL. The
usual synaptic membrane preparations were complex
made of the presynaptic membranes, part of the synap-
tosomal membranes and part of the postsynaptic mem-
branes which interconnected with the inter synaptic
filaments with pre synaptic membranes.

Excluding of calmodulin and Ca** ions

(“washed membranes”)

The separation of the calmodulin and Ca*" ions from
the synaptic membrane preparations were performed
by washing and centrifuging the synaptic membrane
preparations for five times in 50mM tris-HCl pH 7.4
buffer solution containing 0.1mM EDTA and 0.1 mM
EGTA. However, the complete separation of calmodulin,
even after multi short washing, could not be done due
to its tight bondage to the C unit of the AC complex™®.
Therefore, small amount of the calmodulin was present
in all used synaptic membrane preparations.

Catalytic unit separation

For the separation of the catalytic unit (C unit) from the
AC complex the washed synaptic membranes the modi-
fied method according to Bradham and Hegazy* was
used. The final protein concentration of 1 mg/mL was
made by diluting the isolated synaptic membrane prepa-
ration with 50 mM tris-HCl buffer pH 7.4. In order to gain
the final concentration of 0.2M NaCl in the diluted syn-
aptic membrane solutions, the adequate volume of 4 M
NaCl solution was added. The samples were incubated at
37°C for 15min, incubated with 2mM ditiotreitol (DTT)
and 0.5% Lubrol PX for 45min at 4°C and centrifuged at
100,000xg for 60min. The supernatant containing the
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soluble AC protein complex was extracted and used for
the gel filtration. The separation of the C unit was per-
formed on 400 mL Sepharose CL-6B colon equilibrated
with 50mM tris-HCI buffer, pH 7.4 containing 0.4%
Lubrol PX solution and 2mM DTT. The determination
of the blank and controls were performed by 0.5% blue
dextran solution. The separation of the C unit of the
AC complex was followed with the separation of the
G-protein®. The small amount of the isolated C unit and
the G-protein fractions mutually overlaid, thus the AC
activity was determined both in the presence and in the
absence of the GTPYS in all secluded fractions. This way,
the stimulative effect of the GTPYS on the C unit prepara-
tion indicated the presence of G-protein or presence of
only a-subunit of G-protein on the isolated C unit. These
fractions were eliminated.

Measuring the AC activity

Both the AC and the isolated C unit activity were deter-
mined by the amount of synthesised cAMP per time
(1min) in the correlation to 1 mg of proteins in the iso-
lated C unit of the AC complex. The 0.5mL of incubating
medium contained (final concentrations) 50mM tris-
HCI buffer, pH 7.4, 5mM teophiline and 1 mM DTT. The
synaptic complex sample (25 pg proteins) and isolated C
unit (10 pg proteins) were pre incubated in the incuba-
tion medium (without ATP) for 10 min. To eliminate Ca?*
ions, the sample of the synaptic complex were both pre
incubated and post incubated for 5min with 0.01 and
0.1 mM EGTA, respectively. The reaction started by add-
ing water solution of ATP and after 10 min of incubation
the reaction was stopped by placing the test tubes in the
boiling water bathroom (100°C) for 3 min. Proteins were
extracted from the incubation medium by the centrifu-
gation. The content of the cAMP was determined in the
water phase. The boiling effect for stopping the enzyme
reaction had no any effect on the cAMP content®.

Measuring the cAMP

The amount of the synthesized cAMP was measured
according to Geisler®®. The principle of the method con-
sists of the competitive binding of the label (*H)-cAMP
with unlabel (synthesised) cAMP in the incubation
medium to the rabbit skeletal muscle cAMP binding
protein. The concentration of the label (*H)-cAMP was
measured by $-counter. The cAMP binding protein were
isolated according to Miyamoto et al.™.

Measuring the GTPase activity of the G-protein

Measuring of the GTPase of the G-protein was done
according to Cassel and Selinger*”. The incubation
medium (0.1 mL) contained the final concentrations of
50 mM imidasole-HClI buffer, pH 7.4; 0.5 mM (App(NH)p);
2mM f-mercaptoethanol; 0.1 mM (ATP); 3mM creatine
phosphate; 3 units (IU) of creatine phosphokinase; and
0.1mM EGTA. Synaptic membrane sample was pre incu-
bated for 10min in the incubation medium contained all
components except (y-**P) GTP as substrate. To exclude

© 2013 Informa UK, Ltd.
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Mg* ions, synaptic membrane sample were pre incu-
bated for 10min in 0.1 mM EDTA medium. The reaction
was started by adding water solution of (y-*P) GTP (5-20
mCi/mM) and after 10 min the incubation was stopped by
adding 0.5 mL of cold 5% charcoal suspension (Norit-A) in
20mM Na-phosphate buffer, pH 7.0. Samples were kept
5min on ice and then centrifuged at 5000 rpm for 15min
to remove Norit-A suspension. Water phase was carefully
removed and transferred to the other test tubes in which
the content oflabeled *’P was measured. The amount of the
released *P from (y-**P) GTP was measured in 3-counter.
Since there was a spontaneous release of **P from (y-*2P)
GTP the control sample were included identical incubat-
ing medium but with absent of the synaptic membrane
sample (no enzyme activity).

Chemicals

All chemical used in this study were products of Merck
(Darmstadt, Germany), SERVA (Heidelberg, Germany),
Boehringer (Mannheim, Germany), Calbiochem
(Lucerne, Switzerland) and Sigma (St. Louis, SAD).
Radioactive marked °*H-cAMP and (y-*P) GTP were
products of Amersham (Amersham, England).

Results

The effect of the monovalent ions on the basal

AC activity

Tested monovalent ions were in the CI- salt form and in
the final concentrations from 1 to 200 mM. Final concen-
trations of both Mg* ions and ATP were 1 mM. Increasing
concentration of tested salts up to 10mM had no signifi-
cant effect on the AC activity (Figure 1). However, tested
salts in the concentration from 30 to 200 mM show statis-
tically significant and dose-dependent inhibitory effect
(Figure 1). The inhibitory part of the kinetic curve was
plotted by Dixon’s graph with average K value of 27mM
(Figure 2). In the presence of 10 and 100mM MgCl,
(1mM ATP), increasing concentration of tested salts did
not show any effect on the basal AC activity in the rat
brain cortex synaptic membranes (data not shown).

The effect of the monovalent ions on the

stimulated AC activity

Neither F- ions (5mM NaF) nor forskoline (50 pM)
showed any effect on the graph curve and K, value on
tested monovalent ions on the AC activity (results not
shown). However, the stimulation of the AC complex
with 5 uM of GTPyS shifted the initial inhibitory effect of
the AC activity to the higher concentration of tested salts
(50mM) (Figures 1 and 3). Furthermore, the increasing
concentrations of tested ions (50-200mM) showed the
significant and dose-dependent inhibitory effect on the
GTPyS stimulated AC activity (Figure 3). The average K
value calculated from the plotted Dixon’s grafwas 17 mM,
which was significantly lower compared to the average
value of K, = 27mM for the control (unstimulated) AC
activity (Figure 4).
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Figure 1. The basic adenylate cyclase activity was evaluated in the presence of the increasing concentrations of the monovalent salts
choline-Cl, NaCl, KCl and RbCl (1mM MgCl,; 1 mM ATP). The effect of the increased monovalent ions on the basic adenylate cyclase activity,
expressed statistically significant inhibitory effect on the activity of the adenylate cyclase in the concentrations range of the used monovalent
salts from 30 to 200 mM. Full dark circle represents Choline-Cl, full white circle represents NaCl, full dark square represents KCl and full white

square represents RbClL.
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Figure 2. The inhibitory part of the kinetic curve for adenylate
cyclase activity is presented in the form of Dixon’s graph. In the
presence of the increasing concentrations of the RbCl (1mM
MgCl,, 1mM ATP), the kinetic activity value K, for the adenylate
cyclase was 27 Mm.

The effect of the monovalent ions on the

unstimulated and stimulated C unit activity

Next, we examined the effect of the increasing concentra-
tions of the monovalentions (choline-Cl NaCl, KCI, RbCl)
on the activity of the isolated C unit of the AC complex
(1mM MgCl,; 1 mM ATP) (Figure 1). The kinetic curve of
the inhibitory effect of all tested monovalent ions on the
activity of the isolated C unit of the AC complex was the
identical to the inhibitory curve of the same monovalent
ions affecting the basic AC activity (1mM MgCl,; 1mM
ATP) (Figures 1 and 2). The calculated K, values of the
kinetic activity of the isolated C unit in the presence of
the increasing concentrations of the monovalent ions
were not statistically different among all tested samples,
as well as from the K values of the basic kinetic AC activ-
ity (data not shown). Moreover, the stimulation of the C

ADENYLATE CYCLASE ACTIVITY
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Figure 3. The adenylate cyclase activity was stimulated with 5 uM
GTP1S in the presence of 1 mM MgCl, and the monovalent ions in
forms of their inorganic salts, choline-Cl, NaCl, KCI and RbCl. All
tested monovalent ions exhibited significant inhibitory effect on the
adenylate cyclase activity when applied in the higher concentrations
(50mM) compared to the control (30mM). The investigated
monovalent ions expressed both the statistically significant and the
permanent inhibitory effect on the adenylate cyclase activity in the
concentration range from 50 to 200 mM. Full dark circle represents
Choline-cl, full white circle represents NaCl, full dark square
represents KCl and full white square represents RbCl.

unit activity by 50 pM forskoline in the presence of Ca*,
calmodulin, and the increasing concentrations of the
investigated monovalent ions demonstrated no effect on
theinhibitory graphic trend for the kinetic values of C unit
activity (1 mM MgCl,; 1 mM ATP; results not shown). The
values for K, did not express any statistically significant
difference between the control sample of the C unit and
the control sample of the AC complex (data not shown).

The effect of the monovalent ions on the

GTPase activity of G-protein

Tested monovalent salts were without any effect on the
basal [0.5 uM (y-**P) GTP; 1mM MgCl,] and stimulated

Journal of Enzyme Inhibition and Medicinal Chemistry
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Figure 4. The inhibitory part of the kinetic curve for the adenylate
cyclase activity is presented in the form of Dixon’s graph. The
adenylate cyclase activity was stimulated with 5 uM GTP1S in the
presence of the increasing concentrations of the RbCl. The kinetic
activity value K, for the adenylate cyclase was 17mM, which is
statistically significantly lower compared to the controlled value K;
for the basic kinetic activity of the adenylate cyclase (K, = 27 mM).

(0.1 mM L-isoproterenol) GTPase activity of the G-protein
of the AC complex in the rat brain cortex synaptic mem-
branes (data not shown).

Discussion

Some previous reports have discussed the possible
mechanism of the AC activity stimulation and inhibi-
tion by inorganic salts. Here, we examine the effect of the
monovalent inorganic salts including NaCl, KCI, RbCl
and choline-Cl on both the basic and stimulative activity
of the AC complex. The demonstrated inhibitory effect
of all investigated monovalent ions strictly depended on
the concentrations of the present Mg* ion. Only in the
presence of 1 mM MgCl, (1 mM ATP), the increasing con-
centrations of all investigated monovalent ions exhibited
the significantly inhibitory effect by 20-60 % on the basic
AC activity, starting from the concentration of 30 mM
(Figure 1). The obtained linearization values for K, on the
Dixon’s graph were not significantly different among all
tested samples and the average value for K, was 27mM
(Figure 2). However, in the presence of the higher con-
centrations of Mg** ions (10 and 100mM MgCl,; 1mM
ATP) the investigated monovalent ions used in the con-
centrations from 1 to 200mM did not demonstrate any
significant effect on the basic AC complex activity (data
not shown). Furthermore, the sole removal of Ca* (the
effect of EGTA), the removal of both calmodulin and
Ca* ions (the washed membranes), the addition of the
activated calmodulin and the stimulation by forskoline
in the presence of the increasing concentrations of the
monovalent ions did not show any significant effect on
the kinetic parameters of the activity of both AC com-
plex and the isolated C unit (1mM MgCl,; 1mM ATP)
(data not shown). Moreover, the above-mentioned sub-
stances affected neither K_nor K, parameters for ATP.
Thus, the obtained results suggested that all investigated

© 2013 Informa UK, Ltd.
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monovalent ions in the presence of 1 mM Mg* (1 mM
ATP) accomplished their inhibitory effect on the activity
of both AC complex and the C unit, acting not directly
upon the C unit of AC complex, but rather distally from
it. Importantly, only the stimulation of the AC complex
by 5 uM GTP1S together with the rising concentrations
of all tested monovalent ions exhibited the highly signifi-
cant inhibitory effect on the AC activity. The addition of
5 uM GTP1S to the AC complex required the presence
of the higher concentrations of the investigated mon-
ovalent ions for the inhibition of the AC activity com-
pared to their inhibitory effect in the absence of GTPtS
(Figure 3). The calculated inhibitory constants for all
investigated salts showed no significant difference among
all tested samples with the average value of K. = 17mM
(data not shown). Moreover, the obtained K; value of the
GTP1S stimulated AC activity was significantly lower in
comparison to the average K. value of both basic and
stimulated AC and C unit activities that was K, = 27mM
(data not shown). However, the rising concentrations of
the monovalentions in the presence of 0.5 uM GTPtS did
not exhibit any significant effect on the activity GTPase
G/F protein of the AC complex (Figure 3). It is well known
that the effect of GTPYS induces the dissociation of o
subunit of G/F protein and its interaction with C unit of
the AC complex'’. Therefore, our results suggest that the
investigated monovalent ions exert their inhibitory effect
on the AC complex activity by affecting the intermolecu-
lar interaction of the activated a subunit of G/F protein
and the C unit of AC complex (Figure 2). The number
of studies explored the effect of the monovalent ions on
the AC complex activity. Most of these studies have been
performed on the membrane models of the peripheral
tissues, and used various forms of the anion and the
cation monovalent inorganic salts?»?3%, In addition,
for the effect of the monovalent salts on the AC activity,
some authors attributed exclusively to the cation, while
the others to the anion component of the monovalent
salts?**3%% results reveled that all examined monovalent
salts (NaCl, KCI, RbCl, choline-Cl) showed the uniform
inhibitory effect on the AC activity independently of the
different incubation conditions. Therefore, from all the
obtained results it was difficult to conclude whether the
inhibitory effect of the used monovalent salts aroused
from the cation or the anion component of the salts.

From the previous knowledge about the effects of the
cation on the activity of the other membrane enzymes,
such as Na, K-ATPase*’ and F~ anions on the AC complex
activity®, it could be presumed that the resulted inhibi-
tory effect of the investigated monovalent salts on both
the AC activity and the isolated C unit (1mM MgCl,;
1 mM ATP) in the synaptic complex of the rats brain cor-
tex occurred due to the anion component of the salts, Cl-
ions®. Thus, it could be suggested that Mg?* ions present
in the high concentrations (10-100mM MgCl,) mimic
the effect of the active a—subunit of G/F protein on the
activity of the C unit of the AC complex.
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