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The effects of copper on the activity of erythrocyte (Ca 2+ + Mg2+)-ATPase have been tested on membranes 
stripped of endogenous calmodulin or recombined with purified calmodulin. The interactions of copper with 
Ca 2+ , calmodulin and (Mg-ATP) 2- were determined by kinetic studies. The most striking result is the potent 
competitive inhibition exerted by (Cu-ATP) 2- against (Mg-ATP) 2- (K i = 2.8 ttM), while free copper gives 
no characteristic inhibition. Our results also demonstrate that copper does not compete with calcium either 
on the enzyme or on calmodulin. The fixation of calmodulin on the enzyme is not altered in the presence of 
copper as shown by the fact that the dissociation constant remains unaffected. It may be speculated that 
(Cu-ATP) 2- is the active form of copper, which could plausibly be at the origin of some of the pathological 
features of erythrocytes observed in conditions associated with excess copper. 

Introduction 

It has already been established that the lifespan 
of human erythrocytes is decreased and their rate 
of destruction increased in pathological conditions 
associated with high serum copper levels [1-7]. 

In the erythrocyte, copper decreases the in- 
tracellular concentration of reduced glutathione 
[2,8] and alters the function of  hemoglobin [9]. It 
also reduces the activities of certain cytosolic key 
enzymes such as hexokinase [10]. It has been sug- 
gested that copper could directly oxidize the SH 
groups of human erythrocytes membrane proteins 
[11,12], a fact which results in the formation of 
high molecular weight membrane protein poly- 
mers. Copper has also been described as the origin 
of the production of superoxyde ions [13]. Further- 
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more, a copper-oxygen complex may be directly 
involved in the peroxydation of lipids [14]. Copper 
also modifies the permeability of the membranes 
to potassium [15]. As shown by Adams et al. [16], 
the filterability of erythrocytes incubated in 
copper-added nonplasmatic media i s  decreased. 
From their experiments they conclude that the 
surface-to-volume ratio of the cell is decreased, as 
would be the flexibility of the membrane skeleton. 
Since these factors which determine the capacity 
of erythrocyte to deform are modified, it would be 
consistent to think that these alterations could be 
related to a copper-induced inhibition of the 
erythrocyte membrane ATPases (EC 3.6.1.3) [17]. 

We recently brought to evidence, on mem- 
branes incubated with copper, both the inhibition 
of the (Na + + K+)-ATPase and that of the (Ca 2+ 
+ Mg2+)-ATPase, this last enzyme being more 
sensitive to copper [18]. In the present paper, we 
report the results of experiments devoted to the 
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molecu la r  effect of  copper  on ( C a 2 + +  Mg2+)-  
ATPase .  

We have used the model  p roposed  by  Jar re t t  
and  Kyte  [19] and comple ted  by  Cox et al. [20] to 
s tudy  the ac t ion of  copper  on the act ivi ty  of  the 
enzyme as a funct ion of Ca  2 + and  of  active species 
of  ca lmodul in  (CAM* Cam). These authors  suggest 
that  the enzyme works  accord ing  to the fol lowing 
scheme: 

CaM*Ca,,, x~ 

Ca2  + 

E ~ "  " Ca-E --* V° products 
K~ 

CaM*Ca,,--, K~ 

C a  2 + 

E-CaM*Can., ~ -  "E-Ca-CaM*Ca. ~ G products 
K~ 

In all studies,  app rop r i a t e  exper iments  were 
done  in o rder  to de te rmine  the effect of  copper  on 
the f ixat ion of  Ca  2+ on the enzyme and  on 
ca lmodul in ,  as well as on the f ixat ion of  C a M * C a  m 
on (Ca2+ + Mg2+)-ATPase .  Since the act ivi ty  of  
(Ca 2 + + Mg 2 + ) -ATPase  requires  ( M g - A T P ) 2 - ,  the 

ac t ion  of  (Cu-ATP)  2-  and  of  free copper  agains t  
(Mg-ATP)  2-  was equal ly  invest igated.  

M a t e r i a l s  a n d  M e t h o d s  

Membrane preparation. H u m a n  e ry th rocy te  
membranes  were p repa red  as descr ibed  by  Scharff  
and  F o d e r  [21]: ' A '  membranes  (wi thout  ca lmod-  
ulin) and 'B '  m e m b r a n e s  (with ca lmodul in) .  B 
membranes  were p repa red  with the fol lowing slight 
modi f ica t ions :  10 /~M of  CaCI 2 were used and 
ni t r i lo t r iacet ic  acid  was omit ted .  M e m b r a n e s  were 
s tored  overnight  in l iquid ni trogen.  

Calmodulin preparation. Calmodu l in  was pre-  
pa red  accord ing  to the me thod  of  Lu th ra  et al. 
[22]. The p repa ra t ion  was comple ted  as follows: 
the e luate  ob t a ined  on C M - S e p h a d e x  C-50 was 
hea ted  at 85 ° C  for 5 rain and fur ther  centr i fuged 
at  20000 x g for 15 min. The superna tan t  was 
then submi t t ed  to aff ini ty  c h r o m a t o g r a p h y  on 
pheny l -Sepharose  CL-4B [23]. The  ca lmodu l in  
f ract ions  were lyophyl ized  af ter  18 h dialysis  
aga ins t  dis t i l led water.  

Assay of (Ca" ÷ + Mg e +)-A TPase. The enzyme 
act ivi ty  was measured  by  the assay of  Pi released 
at  3 7 ° C  using an a da p t a t i on  of  the method  of  
A n n e r  and Mossmayer  [24]. The  react ion med ium 
(final  volume:  500 gl)  con ta ined  70 m M  Tris-HC1 
( p H  7.4), 200 /~g m e m b r a n e  p r o t e i n s / m l ,  CaC12, 
ca lmodul in ,  A T P  and MgC12 in concent ra t ions  
requi red  by  each exper iment .  Af te r  a 20 rain pre in-  
cubat ion ,  the react ion was s tar ted by  add i t i on  of  
A T P  or  membranes .  At  0, 10, 20, 30 and 40 min, 
70 g l  were removed  and added  to 830 g l  of  15 m M  
a m m o n i u m  h e p t a m o l y b d a t e  in 0.35 M H2SO 4. 
Af t e r  10 min,  100 g l  of  a malachi te  green solut ion 
were added  (74 rng malachi te  green in 200 ml 
water  conta in ing  4 g polyvinyl  alcohol.  The green 
colour  which deve loped  was read after  10 min in a 
Beckman mode l  35 spec t ropho tomete r  set at  630 
nm. A s t anda rd  curve was ob ta ined  by  replac ing 
the reac t ion  m e d i u m  with 70/~1 of  solut ions con- 
taining,  respectively,  14.3, 28.6, 71.4, 114.3 and 
255.7 g M  K H 2 P O  4. The activit ies of  app rop r i a t e  
b lanks  were subs t rac ted  to ob ta in  ATPase  act iva-  
t ion by  Ca 2+ or  by  Ca 2 .  and  ca lmodul in .  The  

results  were expressed as nmol  Pi r e l e a s e d / m i n  
per  mg protein.  The  p ro te in  concen t ra t ions  were 
de te rmined  by  the me thod  of  Lowry  et al. [25]. 

Determination of final concentrations of Ca-' +, 
(Mg-ATP) 2-, CaM*Ca n, Cu 2+, (Cu-ATP) 2 . F o r  

each exper iment ,  the concent ra t ions  of  ATP,  
CaC12, MgCI 2, ca lmodul in  (CAM) and CuSO 4 were 
ad jus ted  to ob ta in  the final amoun t s  of  Ca  2+, 
(Cu-ATP)  2- , C a M * C a  N required by  using the fol- 
lowing equa t ions  and  equ i l ib r ium cons tan t s  
[26-29]:  

H + +ATP 4- ~ HATP 3- 
H + + HATP 3- ~ H2ATP 2- 

Ca 2+ +ATP 4- ~ CaATP 2- 
Ca 2+ + HATP 3- -~ CaHATP- 

Mg 2÷ +ATP 4- ~ MgATP 2- 
Cu 2+ +ATP 4- ~ CuATP 2- 
CaM + Ca 2+ ~ CaM Ca l 

CaMCat + Ca 2÷ ~ CaM Ca 2 
CaMCa 2 +Ca 2+ ~ CaM Ca 3 
CaMCa 2 + Ca 2÷ -~- CaM Ca 4 

K a = 3.16.106M- 1 
K a = 1.12.104M -1 
K a = 3.98.103M- 1 
Ka = 7.07.104M- 1 
K a = 5.07.104M-' 
K a = 1.25-106 M - 1 

K 1 = 5.00.105M -~ 
K 2 =1.66.105M-1 
K 3 = 5.50.104M 1 
K 4 = 5.00-103M- J 

K~, K2, K 3 and K 4 are  the s toechiometr ic  con- 
stants.  

Action of copper. In all the exper iments ,  copper  
(CuSO4) was ini t ia l ly  a d d e d  into  the assay medium.  
W h e n  the ac t ion of  copper  was s tudied  against  



Ca 2 ÷, the reaction was started by ATP. In experi- 
ments devoted to study the action of copper against 
(Mg-ATP) 2- , the reaction was started by the addi- 
tion of membranes,  copper, MgCI 2 and ATP being 
simultaneously added in the cuvette. CuSO 4 was 
used as a source of copper since the sulfate ion has 
no effect on erythrocyte metabolism [10]. 

Reagents. Phenyl-Sepharose CL-4B and CM- 
Sephadex C-50 were obtained from Pharmacia and 
malachite green from Merck (Art 1398). All other 
reagents were of analytical grade. 

Results and Discussion 

Copper inhibition as a function of free C a  2 + 

On A membranes,  without or with calmodulin 
(Figs. 1 and 2), copper induces a noncompetitive 
inhibition, which suggests that it does not interfere 
with the fixation of Ca 2 + on the enzyme. The Kca 
values found: 1.7/~M with calmodulin and 30 #M 
without calmodulin conform with published data 
[20,21,30]. Cox et al. [20] showed that the activa- 
tion of (Ca2÷+ Mg2+)-ATPase by calrnodulin is 
due to the active species CaMCa 3 and CaMCa 4. 
This activation is exhibited by an increase of Vm~ x 
and a decrease of Km. There is no variation of K m 
in the presence of both copper and calmodulin. 
This result is consistent with the fact that copper 
does not modify the concentration of active species 
of calmodulin, thus suggesting that there is no 
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Fig. 2. Double-reciprocal plots of (Ca 2+ + M g 2 + ) - A T P a s e  
kinetics on A membranes  as a function of free calcium in the 
presence of calmodulin. The concentration of calmodulin was 
40 nM. (Mg-ATP) 2-  was maintained constant  at 1.79 mM. 
The concentrations of free calcium were 6.10, 4.55, 3.01, 1.50, 
0.75 and 0.37 ~tM. at, Without copper; A, 0.200/~M copper; B, 
0.400 jaM copper. 

modification of calcium fixation on calmodulin 
sites. 

On B membranes (Fig. 3), copper exerts a non- 
competitive inhibition. When calmodulin is fixed 
on the ATPase before the action of copper, the 
inhibition is similar to the preceding one obtained 
with A membranes and added calmodulin. 

It may be concluded from these results that 
copper does not interfere with the fixation of C a  2 + 

either on calmodulin or on the enzyme. 

1.5, 

E 
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Fig. 1. Double-reciprocal plots of (Ca 2+ + M g 2 + ) - A T P a s e  
kinetics on A membranes  as a function of free calcium in the 
absence of calmodulin. (Mg-ATP) 2-  was maintained constant  
at 1.79 mM. The concentrations of free calcium were: 122.3, 
75.0, 53.6, 33.9, 24.7, 16.0 and 11.8 ~tM. e ,  Without  copper; A, 
0.125 ~M copper; at, 0.250 ~M  copper. 
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Fig. 3. Double-reciprocal plots of (Ca 2+ + M g 2 + ) - A T P a s e  
kinetics on B membranes  as a function of free calcium. (Mg- 
ATP) 2-  was maintained constant  at 1.79 raM. The concentra- 
tions of free calcium were 7,80, 4.60, 2.30, 1.52, 1.14, 0.76 and 
0.45 ~M. O, Without  copper; A, 0.200/zM copper; II, 0.400/LM 
copper. 
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Effect of copper as a function of calmodu#n con- 
cen trations 

Using the already proposed scheme, Jarrett and 
Kyte [19] and Cox et al. [20] have demonstrated 
the following relation between the initial rate and 
the active species of calmodulin: 

V,,~, ( C a M * C a . )  
Vi= 

K.pp + ( C a M * C a . )  

in which V i = V., - V 0 

and 

K~ + (Ca 2+ ) 
K a p  p = K c K,~, ~ + (Ca 2 + ) 

Kap p may be easily determined by kinetic stud- 
ies and K~ deducted from the second equation, 
knowing the values of K c and K a. 

The results of these kinetics are given in Fig. 4. 
the noncompetitive inhibition demonstrates that 
Kap p is not affected and remains constant at 4 nM. 
It thus results that K~ does not vary under the 
action of copper. Taking the values of K~ = 30/.tM 

a - -  and K ~ -  1.7 ~M found using the conditions 
described by Cox et al. [20], we obtain K~ = 0.8. 
10 -3 ~M, a value which agrees with that reported 
by these authors. This result argues in the favour 

of copper not modifying the fixation of C a M * C a ,  
o n  ( C a  2+ + Mg2+)-ATPase. 

Copper inhibition as a function of (Mg-A TP) 2- 
This study was performed in order to investi- 

gate and discriminate between the inhibitory effect 
of (Cu-ATP) 2- and of Cu 2÷ vs. (Mg-ATP) 2- .  

Action of (Cu-A TP) e - 
The results of the kinetics are shown in Fig. 5. 

The inhibition is competitive and the apparent K~ 
is 2.8 /~M. This inhibition could plausibly result 
from the conformational similarity of (Cu-ATP) 2- 
and of (Mg-ATP) 2 . 

Action of free copper 
The results of the kinetics are shown in Fig. 6. 

The inhibition is noncharacteristic and therefore 
cannot be related to the effect of free copper. It 
should be noted that the decrease of this inhibition 
follows the decrease in the amounts of (Cu-ATP) 2- 
as evident for the lower values of (Mg-ATP) 2-.  
This fact is  also in favour of (Cu-ATP) 2- as 
inhibitor. 

In the two preceding experiments, the apparent 
K m for (Mg-ATP) 2- is, respectively, 310 and 210 
gM, thus, in good agreement with the values re- 
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Fig. 4. Double-reciprocal plots of (Ca 2+ 4- Mg 2+ )-ATPase 
kinetics on A membranes  as a function of (CaMCa 3 + CaMCa 4) 
concentrations. The concentration of free calcium was 6.1 ~M. 
(Mg-ATP) 2- was maintained constant  at 1.79 mM. Calmodu- 
lin was varied to obtain the following concentrations of active 
species (CaMCa 3 +CaMCa4) :  8.4, 5.4, 4.2, 3.2, 2.1 and 1.1 
nM. o, Without copper; A, 0.100 /xM copper; I ,  0.200 ~M 
copper. 
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Fig. 5. Double-reciprocal plots of (Ca 2+ + M g  2+)-ATPase 
kinetics on A membranes  as a function of (Mg-ATP) 2 con- 
centrations with constant (Cu-ATP) 2- .  Calmodulin concentra- 
tion: 40 nM. Free calcium was maintained at 6.2 p.M. (Mg- 
ATP) 2+ concentrations: 1.79, 1.34, 0.89, 0.45, 0.22, 0.11 and 
0.07 raM. 0, Without (Cu-ATP) 2-  ; A, 2.49 # M  (Cu-ATP) 2 -  ; 
I ,  4.98 #M (Cu-ATP) 2- .  Maximal levels of free copper: 11.5 
and 23.0 nM, respectively, with 2.49 and 4.98 t.tM of (Cu- 
ATP) 2-  . 
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Fig. 6. Double-reciprocal plots of (Ca 2+ +Mg2+)-ATPase 
kinetics on A membranes as a function of (Mg-ATP) 2- con- 
centrations with constant free copper. Calmodulin concentra- 
tion: 40 nM. Free calcium was maintained constant at 6.2/~M. 
(Mg-ATP) 2- concentrations: 1.79, 1.32, 0.86, 0.40, 0.18 and 
0.08 raM. e, Without free copper; A, 23 nM free copper; II, 46 
nM free copper. Concentrations of (Cu-ATP)2-: 4.98, 4.33, 
3.37, 2.32 and 1.57 #M (with 23 nM of free copper) and 9.95, 
8.95, 6.75, 4.65 and 3.15/tM (with 46 nM of free copper). 

po r t ed  by  Mua l l em and Kar l i sh  [31]. 
F ina l ly ,  our  results  show that  excess copper  

complexed  as (Cu-ATP)  2-  exerts  a compet i t ive  
inhib i t ion  agains t  (Mg-ATP)  2-  . The  K i of  2.8 # M  

shows the high sensi t ivi ty of  ( C a 2 + + M g 2 + )  - 
A T P a s e  to this copper  complex.  If  one  considers  
the  no rma l  concen t ra t ion  of A T P  [32] in h u m a n  
erythrocytes ,  together  with the high aff ini ty  of 
A T P  for Cu 2 ÷ and the pa tho log ica l  levels of copper  
ac tua l ly  known  [1,6], it may  well be  p red ic ted  that  
concen t ra t ions  of  (Cu-ATP)  2-  above  2.8 /~M 
should  be associa ted  with excess copper .  Such a 
s i tua t ion  should  no rma l ly  results  in ( C a 2 ÷ +  
M g 2 + ) - A T P a s e  inhibi t ion .  I t  is known that  
i m pa i rmen t  of ( C a 2 + +  M g 2 + ) - A T P a s e  increases 
in t race l lu lar  ca lc ium which in turn ini t ia tes  the 
fol lowing events:  ac t iva t ion  of a t r ansg lu taminase  
[33], ac t iva t ion  of  a p ro te inase  [34] and ac t iva t ion  
of  a phospha t idy l inos i to l  phosphod ies te rase  [35], 
facts which have been descr ibed  at  the origin of 
e ry th rocy te  m e m b r a n e  al terat ions .  Coppe r  could  
then  ini t ia te  e ry throcy te  lysis th rough  such se- 
quences.  The  high sensi t ivi ty of  e ry throcyte  (Ca 2 + 
+ M g  2+)-ATPase  to copper  is consis tent  with this 
enzyme being  a preferent ia l  factor  in accelera ted  
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red-cel l  des t ruc t ion  associa ted  with high copper  
levels. 
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