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The influence of Co>" ions on the activities of Na /K '-ATPase and Mg%-ATPase,
enzymes from rat brain synaptic plasma membrane, was studied. The aim of this study was
to investigate the inhibition of both AT Pases activities by exposure to cobalt ions as a function
ofexperimentally added CoSO4. The "free" Co”" concentrations in the reaction mixture were
also calculated and discussed. CoSO4induced a dose-dependent inhibition of both enzymes.
The ICsp values of C02+, as calculated from the experimental curves, were 168 UM for
Na'/K'-ATPase and 262 UM for Mg%-ATPase, and for the recalculated free Co”" concen-
tration 75.4 M for Na'/K'-ATPase and 136 UM for Mg%-ATPase. The obtained linear
Dixon’s plot for Na'/K-ATPase implies equilibium binding of cobalt with inhibitory sites
on the enzyme. The kinetic parameters for both enzymes in presence and absence of CoSO4
were calculated from the experimental data. The results of the kinetic analysis show that
inhibition of Na'/K-ATPase induced by CoSOy4 is non-competitive, and for Mg%-ATPase
that there are two sites of different sensitivities or two different enzymes.
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INTRODUCTION

Phosphate esters are crucial components of all living matter and they play a
vital role in many cell processes, such as protein synthesis, genetic coding, photo-
synthesis, nitrogen fixation and innumerable other pathways. The biophosphorous
compound on which all cell functions depend is adenosine triphosphate (ATP). ATP
is involved as a substrate in the functioning of two types of membrane-bound
enzymes: sodium, potassium-adenosine triphosphatase (Na™/K*-ATPase) and ma-
gensium-adenosine triphosphatase (Mg2*-ATPase) that mediate the active transport
of ions across the plasma membrane of most animal cells. The ouabain sensitive
Na®/K*-ATPase is pretty well characterized, while the ouabain insensitive Mg2*-
ATPase is much less well characterized. Recent results! show that Mg2*-ATPase
apparently consists of at least two forms with different sensitivity to metal ions.
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A hydrolysis of this ionic triphosphate ester to adenosine diphosphate (ADP)
or adenosine monophosphate (AMP), in which {P3010>} is replaced by {P2074}
or {PO43}supplies the energy required for many biochemical processes. The
energy changes associated with these hydrolyses are very dependent on pH, tem-
perature, and the presence of metal ions. It has been shown that these membrane
enzymes are very sensitive and alter their activity under the influence of some metal
ions, organic pollutants and several drugs.2-12

It is remarkable that the metals of the first transition series (Fe, Co, Cu, Zn)
are very important biological metals and are apparently necessary for all physiologi-
cal processes. They take place in biochemical processes with enzymes and enable
their normal functioning. Thus, understanding the chemical processes between these
metals and ATPase, which cause changes in the enzyme activity, is of great interest.
Cobalt is an essential micro element required for metabolic functions!3 but it is also
potentially toxic if its internal concentration exceeds a limit and can cause the
inhibition of Na*/K*-ATPase activity.!4

The aim of this work was to examine the effects of CoSO4 on the activity of
Na*/K*-ATPase and Mg2*-ATPase in synaptic plasma membranes (SPM), prepared
from the whole brain of adult male rats.

EXPERIMENTAL

Chemicals
All chemicals were of analytical grade and were purchased from Sigma Chemicals Co.

Synaptic plasma membranes preparation and ATPase assay

The synaptic plasma membranes (SPMs) were isolated according to a standard method.!3-10
The ATPase activities were determined by a modified spectrophotometric method for inorganic
phosphate? liberated by the hydrolysis of ATP. The standard assay medium for the investigation of the
ATPase activity contained (in mM): 50 Tris-HCI, pH 7.4; 100 NaCl; 20 KCI; 5 MgCly; 2 ATP; 25 pg
SPM proteins. The activity obtained in the presence of MgZ" alone was attributed to MgZ"-ATPase
activity. The Na™/K-ATPase activity was calculated by subtracting the Mg2"-ATPase activity from
the total ATPase activity in the presence of Na*, K* and Mg?* ions. All the experiments were performed
at 37 °C in the presence of various concentrations of CoSOy4.

TABLE 1. The complexes formed by the components in the assay mixture for ATPase in the presence
0f CoSO4 and the equilibrium reactions. The values of the association constants were ttaken from Refs.
17 and 18

Reaction KM !
ATP* +H' ~ HATP* +H' 1.09%107
HATP® + Mg?" ~ MgHATP™ 5.42x10%
Mg?" + ATP* -~ MgATP* 3.48x10*
Mg?" + MgATP? -~ MgATP 40

Co* + ATP* ~ CoATP? 5.13x10x10*
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Calculation of the firee ionic concentratios

The concentrations of the ionic species were calculated according to a well-known method!”
taking into account all the equilibrium reactions involving Mg2", Co?*, Tris and ATP (Table I). The
stability constants were taken from the literature.!”-!3 In all the measurements the free Co2" levels and
the levels of MgATP2~ and CoATP2~ were controlled.

Kinetic analysis

Kinetic investigations were undertaken to determine the nature of both ATPase enzyme
inhibitions induced by CoSOs. The experiments were performed in the presence of increasing
concentrations of ATP (0.25 —5 mM), and the absence or presence of CoSO4. The CoSO4 concentration
was 168 UM and 262 pUM in the Na'/K*-ATPase and Mg2"-ATPase experiments, respectively, while
the concentrations of the other ions (Na™, K, Mg?") were kept constant. The kinetic parameters
(Km,Vmax) were determined using a computer program developed in our laboratory.

RESULTS AND DISCUSSION

CoSOy - induced inhibition of synaptosomal ATPases

The neuroactive potency of a cobalt ion was estimated by determining its
ability to affect the Na*/K*-ATPase and Mg2*-ATPase activity as a function of
experimental and recalculated free cobalt concentration. In the reaction mixture,
CoSO4 was present in the concentration range from 1x10~7 to 0.01 M. Increasing
the concentration of cobalt results in an inhibition of the SPM Na*/K*-ATPase and
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Fig. 1. Effects of Co?" on the activity of Na'/K '-ATPase as a function of the experimentally added
CoSO4 (open circles) and of the free co** (solid circles) concentration. The experimental values
are given as the means of at least three experiments + S.E.M. The Dixon’s plot is shown in the inset.
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Fig. 2. Effects of Co*" on the activity of MgH-ATPase as a function of the experimentally added
CoSOg4 (open circles) and of the free Co*" (solid circles) concentration. The experimental values
are given as the means of at least three experiments + S.E.M.

Mg2*-ATPase activities relative to the control samples which were incubated with the
same volume of bidistilled water. The inhibition of the activity is concentration
dependent, in a hyperbolic fashion (Figs. 1 and 2). The half-maximum inhibitory
activities (/Cs0) of the enzymes were determined as parameters of rectangular hyper-
bolas giving the value of 168 UM for Na*/K*-ATPase and 262 UM for Mg2-ATPase.
The IC5 for the recalculated free Co?* concentrations for both ATPases is half the value
compared with the experimental concentration and is 754 UM and 136 pM for
Na'/K*-ATPase and Mg2*-ATPase, respectively. In addition, comparison of the /Cs-
values of Co?* for Na™/K*-ATPase and Mg2*-ATPase indicates that Na*/K*-ATPase
is more sensitive to Co?* than Mg2*-ATPase, since ICs0-value for Na™/K*-ATPase is

about 2 times lower than the value obtained for Mg2*-ATPase.

To established wheather the cobalt binding was in equilibrium with inhibitory
sites on the enzyme, Nat/K*-ATPase, a Dixon’s plot, !9 100/(100 — % inhibition) versus
metal ion concentration, was constructed. The obtained linear plot implies equilibrium
binding (inset in Fig. 1.). The Dixon’s plot cannot be employed yet for Mg2*-ATPase
as investigations leading to the definition of the active sites are still in progress.

Influence of Co?" ion on MgAT. P>~ concentration

Cobalt ions, as well as magnesium ions form complexes with ATP. These two
complexes have similar stabilities (Table I), and so Co?* may compete with Mg2*
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Fig. 3. Concentration of MgATP2 and CoATP? complexes as a function of the experimentally
added CoSO4 and of the free Co2+ concentration.

in the formation of ATP complexes. To function properly, Na*/K*-ATPase requires
MgATP2-. Therefore, it is necessary to know the cobalt ion concentration which
affects MgATP2~ formation. The results of the investigation of the influence of both
the experimental and recalculated free concentration of Co?* ions on the concentra-
tion of MgATP2~ in reaction mixture are shown on Fig. 3. The results show that
cobalt concentrations lower than 0.1 mM have little effect on the MgATP2~ concen-
tration. That implies that in the kinetic analyses the Co?* concentration should be
0.1 mM or lower.

Kinetic analysis

The results presented in Figs. 1 and 2 show that Co?*-induced inhibition of
Mg2+-ATPase activity asymptotically approaches 85 % in contrast to 100 % for
Na®/K*-ATPase. The incomplete inhibition may imply two kinds of Mg2*-ATPase
activities, or two enzymes.!-20

The results of the kinetic analysis of Nat/K*-ATPase, in the absence and
presence of 0.1 mM of CoSO4, are shown in the Fig. 4. The MgATP2~ concentra-
tions were varied from 0.1 to 5 mM. The initial velocities of the Na™/K*-ATPase
activity vs. the concentrations of MgATP2~ follow Michealis-Menten kinetics and
are rectangular hyperbolas. The kinetic parameters (Km and Vmax) were calculated
as hyperbolas parameters. The parameters were also determined from Eadie-Hofstee
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Fig. 4. Na'/K-ATPase activity dependence on the MgATPZ concentration in the presence (solid
circles) and absence (open circles) of 110> M CoSO4. The values given are the means of at least
three experiments * S.E.M. The Eadie-Hofstee transformation of the data is shown in the inset.

transformation of the data (inset in Fig. 4) and the agreement between the results is
within experimental error (Table II). Comparison the values of the kinetic parame-
ters in the absence and presence of 0.1 mM CoSOj4 show that inhibition induced by
Co2* ions decreases the value of Vmax but, at the same time, the apparent affinity
for ATP, Ky, is not changed. These results indicate the non-competitive nature of
the inhibition of the enzyme by cobalt. This means that Co?* does not interfere with
the specific binding of ATP to the enzyme.

TABLE II. Kinetic analyses of the Na'/K'-ATPase and ng-ATPase acitivities in the absence
(control) and presence of 1 mM CoSOg4

Control Co?"

Enzyme Vmax Km Vimax Km

Hmol Pi/mg/min mM pmol Pi/mg/min mM
- 0.90+0.04'"  0.69+0.05" 0.76+0.04'  0.7720.04!
Na /K -ATPase 2 5 5 5
0.83%0.02 0.74%0.04 0.72%0.03 0.75£0.09
Mg2+-ATPase high affinity 1.28+0.03 0.29£0.03 1.42+0.07 0.41£0.09
Mg2+-ATPase low affinity 1.62+0.03 0.68+0.06 1.69+0.10 0.86+0.19

IKinetic parameters obtained from hyperbolas; 2Kinetic parameters obtained by Eadie-Hofstee plot
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Fig. 5. MgH—ATPase activity dependence on the MgATPz concentration in the presence (solid cir-
cles) and absence (open circles) of 1 x107> M CoSO4. The values given are the means of at least
three experiments + S.E.M.

Investigation of the kinetic behavior of MgZ-ATPase was performed by varying
the MgATP2~ concentration from 0.1 to 5 mM in the absence and presence of 0.1 mM
Co?" ion. The results are presented in Fig. 5. The obtained functions are not purely of
the Michaelis-Menten type and have two saturation plateaus indicating that there are
either two kinds of Mg2+-ATPase activities or two different Mg2*-ATPases.!-20 Eadie-
Hofstee transformation of the kinetic data of the Mg2*-ATPase in the absence and
presence of 1 mM CoSOg4 are concave curved lines. Two straight lines can be drawn to
describe the two portions of the curve and illustrate two sites of different sensitivity
(high and low).2! The parameters of the straight lines represent initial approximations
of the kinetic parameters of cach site. By using a computer program developed in our
laboratory, the final values of the kinetic parameters Vmax and Ki, were calculated after
five iterations (Table IT). The cobalt ion is a nonselective inhibitor for MgZ-ATPase
and it can only be concluded that there are two sites of different sensitivity.

In conclusion, our results show that the Co?* ICs( values for both ATPases
are much higher compared with the other metals of the first transition series, i.e.,
for Nat/K*-ATPase (1.68x10~4 M) it is about three orders of magnitude higher than
the value for Cu2* (5.9x10~7 M).2! The apparent lack of effect of Co?* ions on the
ATPase activity suggests that this metal may be prevented from affecting the active
sites of the enzyme, perhaps by binding to proteins not native to the enzyme. Since
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Co2* has a coordination number of six, it could bind simultaneously to proteins not
native to ATPases as well as to CH. Further work is underway to elucidate the
mechanism of the interaction of the metal with SPM.

Acknowledgments: Authors would like to thank Dr. V. Vasi¢ for useful discussions. This study
was partly supproted by the Ministry of Science and Technology of the Republic of Serbia.

n3BO/
XEMMWICKH ACITEKT YTUIHAJA JOHA KOBAJITA HA AKTUBHOCT ATP-a3a

JbYBUILIA BYJMCUR, JAHWJEIIA KPCTUH u JOBAH BYUYETUR*

Jlabopaitiopuja 3a ¢pusuuky xemujy, Muciiuitiyi 3a nykaeapre Hayxe Bunua, ii. fip. 522, 11001 Beozpao u *Xemujcku
aryaitieiti, Yrnusep3suitieiti y beozpaoy, i. ip. 158, 11001 Beozpao

Hcnuran je yrunaj Co?* jona Ha akTuBHOCT Na'/K*-ATPaze u Mg?*-ATP-ase, ensuma
cHHanTOo30ManHe MeMOpaHne mo3ra naposa. b paja je 6mo ja ce ucnura MHXUOUIH]ja
aKTUBHOCTH 00a €H3UMa M3a3BaHA M3JIaraleM joHuMa Kobasira Kao (PyHKIUja eKCIepPUMEH-
tanHo poparor CoSO4. Takobe je u3pauyHaTa u jpuckyroBaHa "cio0ojHa" KOHIEHTpalHja
Co?* y peaximoHnoj cvenm. YTBphHEHO je fla KoGaiT MHXUOUPA CH3UME Y KOHICHTPAIHOHO
3aBUCHOM cmucity. Bpegnocrn /Cs50 u3pauyHare U3 eKCIEpUMEHTAIHUX KpUBHX cy: 168 UM 3a
Na*/K*-ATP-a3y u 136 UM 3a Mg%*-ATP-a3y. Jluneapan Dixon-os mior 3a Na'/K™-ATP-a3y
yKa3yje Ha PaBHOTEXHO Be3uBame KoOanra. M3pauyHarwm Cy KMHETHYKH IIapameTpu oda
ensuma y npucycrsy u ojicycrBy CoSO4. Muxubunmja Nat/K*-ATP-a3e u3a3zsana CoSO4 je
HEKOMIIETUTHBHA, 10K Mg2*-ATP-a3a mMa JjBa MECTa BE3MBAMa PA3IEIHTOr a)MHATETA MITH
IIaK 1Ba pas3jnunura €H3uMma.

(ITpumsbeno 15. okroGpa 1999)
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